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ABSTRACT 
 
Product shelf life is among the top concerns of the flavor industry. The purpose of this 
study was to investigate multiple encapsulation technology (MET) for the extension of the 
limited shelf life of readily volatilized and/or oxidized spray-dry flavors. MET is the use of a 
quenched melted glass-forming crystalline material as an extra layer of encapsulation for 
spray-dried (SD) flavors to further enhance stability and extend shelf life. The objectives of 
this research were to: 1) compare and contrast the chemical and physical stability of SD 
and two MET flavors, 2) compare the chemical and physical stability at all storage 
temperatures (Ts) and times, 3) determine possible mechanisms of flavor loss, such as 
volatile permeation and/or oxidative degradation, and 4) provide recommendations for 
shelf-life extension of MET flavors. One benzaldehyde SD flavor and two MET materials, 
isomalt (ISO) and evaporated cane juice (ECJ), were used as model systems. Samples were 
packaged in individual aluminum pouches and sealed in the presence of air to allow for 
possible oxidation of benzaldehyde during storage. Finished products were then stored 
below their glass transition temperatures (Tg) at 7°C, 25°C and 45°C, and analyzed at zero 
time and at monthly intervals for 6 months. 
 
Physical stability parameters, measured using Differential Scanning Calorimetry (DSC), 
were Tg, crystalline content, melting temperature, and physical aging. In addition, Scanning 
Electron Microscope (SEM) was used for micro-level observation of physical structure. 
Chemical stability was based on the total percent change in benzaldehyde determined by 
Stable Isotope Dilution Assay-Gas Chromatography-Mass Spectrometry (SIDA-GC-MS). 
Benzoic acid, as the major oxidative degradation product of benzaldehyde, was also 
measured. Regression modeling of data was conducted using Statistical Analysis System 
(SAS). 
 
As predicted, both MET flavors had significantly higher flavor stability (p<0.0001) than the 
SD flavor at all storage temperatures, as indicated by less loss of benzaldehyde. The ECJ 
MET, with an average Tg of at least 10°C greater than the ISO MET Tg, exhibited better 
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overall flavor stability at all storage temperatures (p<0.0001). Over storage time, the ECJ 
MET exhibited much less physical aging and re-crystallization than ISO MET. This research 
suggests that ECJ MET, with a large ΔT (Tg-Ts), provides the highest flavor stability. 
Benzoic acid formation was higher in SD than in MET. Overall, the amount of benzoic acid 
formed was much less compared to benzaldehyde loss, indicating the main mechanism for 
flavor loss might be volatilization of benzaldehyde. 
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CHAPTER 1. INTRODUCTION 
1.1 Introduction to glass encapsulated spray-dried flavors 
 
Glass encapsulated spray-dried (SD) flavors are SD flavors treated with Multiple 
Encapsulation Technology (MET). MET is the use of a quenched melted glass-forming 
crystalline carbohydrate as an extra encapsulation layer of SD flavors to form a flavored 
hard candy for further enhanced stability with extended shelf life. Finally, the flavored glass 
is milled into particles of a specific size range. 
1.1.1 Overview of spray dried flavors 
 
Flavors compose a significant segment of the whole food industry and 92% of the total 
flavor usage has been applied in the food product category (Risch 1998, Ubbink 2003). 
They are usually volatile compounds and easily subject to chemical degradation and 
evaporation. Within the last few decades, the flavor industry has been facing various 
challenges and among the top listed problems are the low yields in terms of flavor 
retention, the concern of product shelf life, the masking of undesirable flavors and control 
of particle size (Bangs 1988, Comstock 1988). To overcome the issues, various technologies 
have been developed, such as applications of low heat processing and improved packaging 
conditions, etc. Among them, those targeting flavor delivery systems have been at the 
center of attention.  Flavor delivery systems can be categorized based on two primary 
functions, one of which is aimed at stabilizing flavors for a longer shelf life, physically and 
chemically, and the other for the controlled release during processing, product application 
and consumption (Ubbink 2003).  A variety of encapsulation techniques have been 
developed and optimized with a focus on one of those two functions or both, such as spray 
drying, spray coating, melt extrusion, melt injection/solvent cooling, complex co-acervation 
and co-crystallization, etc (Porzlo 2004, Versic 1988).  Spray drying, with a 85~90% 
relative contribution, dominates among those encapsulation technologies (Porzlo 2004, 
Reineccius 1988), and provides superior finished quality and competitive cost 
effectiveness. In spray drying, a liquid material (often including water, a suitable wall 
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carrier, flavor and possibly other emulsifiers) is homogenized and fed into a spray-drier, 
and then atomized into a hot air stream, producing finished trapped flavor powders with a 
very low moisture after the rapid evaporation of water (Reineccius 1988).  Despite all the 
advantages of low cost, convenience and controlled release, spray-dried encapsulated 
flavors still have a very limited shelf life, which typically ranges from 6 up to 12 months, 
depending on the flavor compound (Ubbink 2002). MET technology was developed to 
further extend the shelf life of spray-dried encapsulated flavors and was studied in 
comparison to SD flavors herein. 
1.1.2 Overview of glass encapsulation 
 
The glassy state is a hard and brittle physical state of amorphous carbohydrates when they 
are below their glass transition temperature, Tg, and in a controlled low humidity 
environment, as compared to the other physical state, the rubbery state (Angell 1988, 
Franks 1985, Roos 1995, Roos 1998), which is soft, sticky and mobile. When the 
temperature surpasses Tg or the humidity increases to a critical limit, the amorphous 
carbohydrates will transform into the rubbery state. Glass encapsulation employed in a 
flavor delivery system is the use of amorphous carbohydrates as barriers in a glassy solid 
form to encapsulate flavor volatiles (Roos 1995) below the glass transition temperature. 
Because of the nature of the glassy state, especially for those dense glassy systems made 
with low molecular weight carbohydrate materials (Reineccius 1991), and the materials 
chemically inert towards most small flavor compounds, glass encapsulation serves its 
primary purpose of flavor stabilization and protection (Ubbink 2002), rather than 
controlling flavor release. Because flavor release of glass encapsulated flavor is generally 
very fast and often virtually completed once the flavor capsules are brought into contact 
with moist product matrix or water. Selection of the glass encapsulation material is often a 
balance between the physical stability of the matrix, (preferred with high molecular weight 
carbohydrates resulting in a higher Tg) and the overall stability of flavors (favored by 
denser glassy state with lower molecular weight carbohydrates for lower permeability of 
both flavors and oxygen) (Ubbink 2002). Most commercial flavors, such as those made by 
spray drying and melt extrusion, have a mixed matrix of low molecular weight material, 
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such as sucrose, and medium to high molecular weight ones, such as modified starch 
(Levine 1991, Reineccius 2001, Whorton 1995).  
 
MET, as a combined technology investigated in this study, is the use of a quenched melted 
low molecular weight glass-forming carbohydrate as an extra layer over spray-dried (SD) 
flavors that is already encapsulated previously with high molecular weight carbohydrate, 
e.g. EmcapTM (a modified commercial starch from Cargill which is cold water soluble and 
provide excellent emulsification properties) to further enhance stability and provides an 
extended shelf life. Therefore, MET flavors are supposed to acquire both advantages from 
the high and low molecular weight carbohydrate matrices, discussed previously as the high 
physical stability, controlled release and the highly dense structure minimizing 
permeability.  
 
Physical structure studies of glassy matrices, which have been of long-term interest in the 
pharmaceutical industry, have not been conducted thoroughly in the field of encapsulated 
flavors (Noel 1990). The majority of the attention has been placed on the impact from 
changes in relative humidity and processing conditions on physical stability of glassy 
matrices (Sokolov 1997), instead of identifying physical changes both in macro and micro 
levels occuring under the apparent Tg (with controlled humidy), which is a typical storage 
marker for stability, and how the physical changes are related to chemical changes. When 
temperature is below the Tg, the flavor coating is in its glassy state and the translational 
and rotational mobility of the coating molecules are limited, while vibrational motion is still 
present and is named as the secondary relaxations of molecules. It is a micro level 
structural change from a glassy state to a more stable state with some loss in its enthalpy 
and volume, usually 20-40K below Tg, as a result of the internal rotation toward reducing 
configurational energy, and can be characterized as enthalpy relaxation (physical aging) 
(Angell 1988). Correlation of enthalpy relaxation to stability has not been widely 
investigated for food materials, but a long-time interest in the pharmaceutical industry. 
Molecular mobility and enthalpy relaxation kinetics have been shown to be partially 
correlated with physical and chemical stability of amorphous pharmaceuticals. So, for 
microencapsulated flavor products, since humidity and temperature are often controlled 
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very well during the storage, stability changes that still occur should be investigated below 
Tg and should be related to other possible physical properties for predication rather than 
above Tg. Therefore, this study focuses on investigation of physical and chemical changes 
of MET SD flavors stored under controlled temperature and humidity conditions below Tg. 
 
1.1.3 Research objectives 
 
The overall purpose of this study was to investigate multiple encapsulation technology 
(MET) for the extension of the limited shelf life of readily vaporized and oxidized spray-dry 
flavors. The present study attempted to establish a relationship between the physical 
stability of a glassy barrier and enhanced flavor chemical stability. Therefore, the present 
study could be considered as a preliminary case, to 1) identify physical stability problem 
(such as physical aging and re-crystallization), 2) provide possible insights for more 
reliable parameters in stability prediction, 3) explore more suitable materials and 
formulas, and 4) provide possible recommendations of suitable storage temperatures to 
extend flavor shelf life. The parameters analyzed for determining physical stability may be 
applied in the flavor industry for quality assurance of the finished product and possible 
prediction of chemical flavor stability.  
 
The main objectives of this research were to: 1) compare and contrast the chemical and 
physical stability of SD and two MET flavors, 2) compare the chemical and physical stability 
at all storage temperatures (Ts) and times, 3) determine possible mechanisms of flavor 
loss, such as volatile permeation, oxidative degradation, and 4) provide recommendations 
for shelf-life extension of MET flavors.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Flavor encapsulation, spray drying (SD) and wall carriers 
 
Flavors comprise a significant segment of the whole food industry (Bangs, 1988). They are 
usually volatile compounds, which are readily subject to chemical degradation and 
evaporation. Within last few decades, the flavor industry has been facing various challenges 
and among the top listed problems are the low yield in terms of flavor retention, the 
concern of product shelf life, the masking of undesirable flavors and control of particle size. 
Therefore, numerous flavor encapsulation technologies have been developed over the 
years to address these problems (Figure 2.1). The term, flavor encapsulation, refers to 
various processes which convert liquid flavors into standardized, functional forms (Porizio 
2000).  The primary and classical purposes of encapsulation are to protect volatile flavor 
compounds from evaporation and oxidation if sensitive to atmospheric oxygen during 
storage in low moisture states. Besides providing a degree of protection, which can be very 
high especially for dense, glassy systems (Comstock 1988, Reineccius 1991) encapsulation 
converts the liquid flavor into a solid, ideally free-flowing powder that is easier to handle. 
 
 Year 
(a) 
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Figure 2.1 (cont.) Research activities in the flavor encapsulation field as witnessed by the number of publications per year. (a) 
Number of patent filings under “flavor and encapsulation” (b) Total number of publications under “flavor” (Ubbink 2002). 
 
For several decades, many flavors have been encapsulated, generally in solid matrices. The 
glassy carbohydrates used for flavor encapsulation serves a dual role in both stabilization 
and delivery of active ingredients (Table 2.3). Approximately 85-90% of all encapsulated 
material is manufactured as a free-flowing powder by SD, yielding a glassy, amorphous 
product that is easily rehydrated to release its entrapped flavor (Porizio 2000).  Other 
delivery systems and encapsulation techniques are also commercially being used, including 
complex coacervation, β-cyclodextrin complexation, fat encapsulation, fat-coated particles, 
co-crystallization, melt extrusion, melt injection/solvent cooling, and spray chilling (Bangs, 
1988).   
 
SD accounts for a significant amount of the flavor encapsulation and delivery system, and 
has been the most cost effective process for producing flavor powders due to advantages 
like lost cost, small size, good appearance and rapid solubility (Table 2.1). Between 85% 
and 90% of flavor encapsulation systems are processed by SD (Porizio 2000).  
 
Figure 2.2 shows a diagram of the generic SD system. A spray dryer starts with a mixing 
tank followed by a homogenizer where emulsion feed is produced. Then, a pump feeds the 
emulsion to the atomizer for atomization and particles are dried instantly in the drying 
Year 
(b) 
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chamber with the hot inlet air.  Dried particles are then taken to the cyclone separation unit 
and separated based on density difference.  
 
Figure 2.2 Generic spray drying unit (Reineccius 2004). 
 
Table 2.1 Advantages and disadvantages of the using of SD (Madene 2006). 
 
 
Carbohydrates are used extensively in spray-dried encapsulations of food ingredients as 
the encapsulating support that is the wall material or carrier (Reineccius 1991, Madene 
2006). The ability of carbohydrates, such as starches and maltodextrins, makes them the 
preferred choice for encapsulation due to low cost, diversity, wide food usage and 
properties like low viscosities and good solubility. Modified starches are widely used in SD 
processes to retain and protect aroma volatiles and also as emulsion stabilizers (Table 2.2). 
In the present study, Emcap TM, a modified commercial starch from Cargill, was used as the 
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wall carrier for SD flavor based on its excellent properties, such as cold water soluble and 
excellent emulsification.   
 
Table 2.2 Characteristics of the wall material used for encapsulating flavors (Madene 2006). 
 
 
 
 
Table 2.3 Dual Role of Glassy Carbohydrates in the Stabilization and Delivery of Active Ingredient (Ubbink 2009). 
 
 
2.1.1 Flavor stability of spray-dried flavors 
 
Choices of wall carrier materials used in SD are limited (Table 2.1) because they need to 
serve as a good emulsifier and generally have high molecular weight. High molecular 
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weight carbohydrates tend to form loose structures, thus giving only limited protection to 
oxidation unless they are blended with other low molecular weight materials. Classical SD 
products have a fairly limited shelf life (not crucial for many applications). However 
modern SD technology has progressed to improve flavor shelf life and flowability 
characteristics. Also, significant improvements have been achieved in minimizing flavor 
losses during spray drying. 
 
To improve the yield, according to the Antoine equation (Figure 2.3, Antoine relationship of 
common flavor compounds) which relates the boiling temperature to the vapor pressure 
for a particular chemical, modifying SD parameters to obtain the optimized temperature 
and pressure combination can achieve maximum flavor retention with minimum moisture 
retention. This may also affect the particle size distribution, morphology and thus future 
stability.  
 
2.1.2 Possible mechanisms accounted for benzaldehyde flavor loss in this study 
2.1.2.1 Vaporization  
 
The Antoine relationship (saturated vapor pressure vs. temperature) of benzaldehyde, 
along with other common volatile flavor compounds (Figure 2.3), suggests that 
benzaldehyde is a very volatile flavor compound, maybe due to its lower molecular weight 
compared with other flavorings. Therefore, vaporization could be a cause of flavor loss 
during storage, which was proven later in this study. Besides, stability issue related to 
vaporization flavor loss could be linked to the physical structure and stability of MET 
matrices (discussed in section 2.4), thus making benzaldehyde an appropriate candidate 
compound for this study.  
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Figure 2.3 Antoine relationships of common flavor compounds (Adapted from Cameo chemicals 1999, FONA 2009). 
 
2.1.2.2 Chemical degradation 
 
There has been a lack of studies showing benzaldehyde as a very easily oxidized 
compound, except for very few studies under unusual conditions with presence of certain 
catalyzes or enzymes, e.g. xanthine oxidase in dairy products (Potineni 2004). Therefore, 
benzaldehyde might not undergo serious oxidative degradation under normal storage 
conditions. However, oxidation is still the most likely degradation mechanism of 
benzaldehyde and could be linked to the physical structure and stability of MET matrices 
(discussed in section 2.4). So, the extent of oxidation as in benzoic acid formation was still 
investigated in this study, especially since benzoic acid is a very stable compound, 
chemically and physically (it is not very volatile).  
 
Meanwhile, acetal formation from benzaldehyde should not be a concern in this study, 
because the required reactant, alcohol, was not used to wash the surface oil of the final 
flavor samples in this study. Similarly, other chemical degradation mechanisms of 
benzaldehyde (besides oxidation and acetal formation) were barely indicated in the 
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literature, thus simplifying the MET flavor model system created studied herein. GC-MS full 
scan profile of flavor samples after storage was still investigated in this study to confirm 
that no appreciable quantities of other degradation products were formed, which will be 
discussed in detail in the results and discussion section.   
 
2.2 Glass transition, glass transition temperature (Tg) and differential scanning 
calorimetry (DSC)  
 
Tg is a physical property of an amorphous polymer and is defined as the temperature at 
which the polymer changes from a rubbery to a glassy state without any change in phase 
(Seyler 1994). Below Tg, the material stays rigid and hard, while it exhibits rubbery-like 
characteristics above Tg. Other thermal properties, such as heat capacity and thermal 
expansion coefficient, vary with Tg. The amorphous polymer often has higher strength 
below Tg than above Tg (Seyler 1994). Molecular mobility below Tg is restrained, 
especially for translational motion, thus suggesting possible higher physical and chemical 
stability.  
 
To measure Tg, numerous methods have been reported (Seyler 1994, Ubbink 2009), such 
as differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA) and 
thermomechanical analysis (TMA), positron annihilation lifetime spectroscopy (PALS), 
nuclear magnetic resonance (NMR), etc. The first three are the most commonly used 
thermal analytical techniques to determine and monitor changes in Tg. The drawback of 
traditional DSC is that it is difficult to detect Tg for heavily plasticized materials. Because Tg 
is determined thru pseudo-second-order transition by a step change in baseline in DSC, the 
transition will be too broad to detect the step change, meaning weak Tg for heavily 
plasticized material (Seyler 1994, Cassel 2011). Therefore, DMA often comes into play for 
difficulties in measuring weak Tg due to its higher sensitivity towards Tg (Cassel 2011).  
 
However, DMA is more time consuming and more operator-intensive than DSC because of 
the demanding sample mounting requirements (Cassel 2011). So a substantial time savings 
and greater accuracy results if the Tg measurement can be made by DSC and Q2000TM DSC 
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from TA instrument used in this study can achieve this purpose. Unlike other DSC 
instruments, the Q2000TM DSC from TA instrument used in this study has another 
component, called chromel/constantan TzeroTM thermocouple. The incorporation of the 
TzeroTM thermocouple dramatically improves the instrument resolution and baseline 
stability, thus making it possible to detect and quantify of weak and broad transitions (Lee 
2010). A typical DSC thermogram is present in Figure 2.4, and any thermal event, including 
most melting and glass transitions, produces a change in the heat flow signal accompanied 
by a change in Cp.  
 
Figure 2.4 A typical DSC thermogram of an endothermic thermal event. Tm onset is the onset temperature of endothermic 
peak in oC, Tm peak is the peak temperature of endothermic peak in oC, ΔH is the enthalpy in J/g, and ΔCp is the heat capacity 
in J/(g·oC) 
 
2.3 Glass encapsulation thru extrusion and multiple encapsulation technology 
(MET) 
 
General principles of glass encapsulation through extrusion are the same based on making 
amorphous carbohydrate glasses, even though the size, shape, and structure of glass 
encapsulation systems vary widely (Ubbink 2002). Extrusion was first patented in 1957 
after initial trials on the encapsulation of citrus oils in hard-candy matrices and further 
developed by the same group (Madene 2006).  
 
Tm onset 
ΔH=Cp*dT 
Tm peak 
ΔCp 
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The primary objective of the development of an extrusion technology for flavors was to 
retain the dense structure of the hard-candy matrix while reducing the particle size to 
within acceptable limits (Madene 2006). The principal advantage of the extrusion method 
is flavor stability against oxidation because glassy carbohydrate matrices act as superior 
barriers, while large particle size, high processing temperature and relatively high cost can 
be the disadvantages of such techniques (Madene 2006).  
 
Water-soluble, glass-forming simple carbohydrates are used to generate the encapsulation 
matrix, due to high physical and chemical stability, high barrier properties against oxygen, 
chemical inertness against most small organic flavor compounds and low cost for pure 
form (Ubbink 2002). 
 
The extrusion process first melts a crystalline carbohydrate and then the melt, mixed with 
flavor, is forced through a die plate with many small openings (Madene 2006). The 
extruded viscoelastic strands are quenched into the glassy state either by air cooling or by 
being immersed in a cold solvent bath (usually isopropanol to wash off surface oil) 
(Madene 2006). The final product then gets separated from the solvent with optional anti-
caking agent added.  
 
In this study, air cooling instead of cold bath was applied for making MET flavors because 
surface oil was of an interest and such solvent as isopropanol might complicate the 
degradation aspect of benzaldehyde flavor loss (discussed in section 2.1.2.2). Application of 
extrusion has been very active in developing flavor encapsulation matrices as witnessed by 
the large number of patents (Madene 2006). The twin-screw process (Figure 2.5) for 
extrusion has rapidly become the standard melt-extrusion process in the flavor industry.  
 
MET is the use of a quenched a melted glass-forming crystalline material as an extra layer 
of encapsulation for spray-dried (SD) flavors to further enhance stability, functionality and 
shelf life. Therefore, MET is a combination of two encapsulation technologies, SD and 
extrusion. The MET process by a twin-extruder and finished MET flavor products are 
demonstrated in Figure 2.5 and 2.6, respectively. 
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In the past decades, extensive use of state diagram is applied to predict carbohydrate-
based foods and pharmaceutics and Tg of the amorphous glass has been in the center of 
attention. The main investigation towards understanding the stability of amorphous glass 
and the entrapped substances has been credited to the relationship between water and Tg 
as water can strongly depress Tg (Ubbink 2009). However, there have been very few 
studies on the stability of amorphous glass and the entrapped flavor stored in condition 
with humidity control and below Tg. Because the typical storage environment of 
encapsulated flavor for industrial applications in foods and pharmaceutical products is 
under humidity control after packaging, investigation on the material stability with 
humidity control and below Tg in this study may provide more practical implications.  
 
 
 
 
 
 
 
Figure 2.5 Scheme of MET making process, setup using a twin-screw extruder (Adapted from Ubbink 2002). 
 
 
a          b   
 
Figure 2.6 Structures of flavor delivery systems. (a) Core-shell morphology of SD flavor;  
(b) Matrix morphology of MET flavor with discrete SD inclusions (Adapted from Ubbink 2002). 
Premade SD flavor 
 
 
Extruded MET flavor particles 
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2.4 Physical changes and glass matrix stability  
 
Glass transition concept in foods has created an illusion that the stability is guaranteed 
when amorphous foods are in their glassy state (Ubbink 2009) as in kept below Tg.  
However Tg cannot be taken as a safety limit, while the long proposed Kauzmann 
temperature is not practical either (McSweeney 2009). The reason that setting storage 
temperature at Tg cannot guarantee the stability of either the glass matrix or the 
encapsulated substance is that stability issues can be categorized into two types, viscosity-
controlled and structure dynamics controlled (Ubbink 2009). Only the viscosity-controlled 
stability issues can be minimized by kept below Tg, such as caking and flowability (Ubbink 
2009). However stability issues related to structure dynamics, such as protection against 
oxygen and encapsulation, also depends on the density of the glass matrix (Ubbink 2009). 
As shown in Figure 2.7 and 2.8, the denser the glass matrix is (associated with smaller 
molecular weight), the less oxidation products will form over time. Similarly, the lower the 
molecular weight is, the less porous the glass matrix (indicated by smaller hole size, Figure 
2.9).  
 
So, to minimize stability issues, proper glass-forming material should be selected with both 
reasonable Tg and acceptable density. Because carbohydrates with higher molecular 
weights tend to have higher Tg but lower density (Figure 2.8), they may be balanced with 
lower molecular weight carbohydrate for a denser structure. In this study, stability issues 
could associate with the loose structure of SD flavor, as it’s only encapsulated with high 
molecular weight modified starch, Emcap ™.  Therefore, using MET materials with low 
molecular weight outside of SD flavor could serve the purpose of creating a dense glass 
barrier to improve chemical stability by reducing molecular mobility of small reactants.  
 
Physical changes, such as physical aging, crystallization or becoming more porous 
(indicated by increased hole size as temperature increases in Figure 2.9) could occur even 
well below Tg (Levine 2002) and have possible impacts on stability of encapsulated flavor. 
Therefore, this study suggested using storage temperatures all below MET Tg to investigate 
the stability of both the MET matrix and the encapsulated flavor.  
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Figure 2.7 Schematic depiction of the molecular weight dependence of the physical and structural properties of glass-
encapsulation systems (Ubbink 2002). 
 
 
Figure 2.8 Diagram schematically showing the effect of carbohydrate molecular weight on the matrix density and on the 
glass transition temperature (Ubbink 2009). 
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Figure 2.9 Hole volume of annealed maltodextrin matrices equilibrated at aw=0.22 (at T=25°C) as a function of the 
temperature for various molecular weight distributions. ;  DE 12; DE 33  (Ubbink 2009). 
 
2.4.1 Physical aging, measurement and impact on Tg and other physical properties of 
glass matrix 
 
Physical aging is a structural evolution which amorphous materials exhibit below the glass 
transition (Ubbink 2009). Small local motions are still possible in the glassy state, even 
though large-scale rearrangements are inhibited. Physical aging can be explained by the 
residual motions below Tg which favor a slow evolution of the glassy state towards a 
hypothetical equilibrium state (Ubbink 2009). Phenomena of physical aging have been 
characterized by two types of measurements, including 1) calorimetric type as in enthalpic 
relaxation and 2) volumetric type as in specific volume of glass matrix (Hutchinson 2000). 
The enthalpic method is based on interactions between molecules in the glass matrix tent 
to increase, as molecular packing becomes more optimal and closer after aging (Ubbink 
2009). Therefore, phenomenon of enthalpy relaxation rises, as in enthalpy decreasing 
during aging towards equilibrium (Figure 2.9), and requires extra heat (as in endothermic 
peak) to achieve glass transition during DSC heating scans. The volumetric measurement is 
based on that aging towards equilibrium is generally accompanied by a small, but 
measurable decrease of the specific volume of glass matrix (Ubbink 2009). Very limited 
 
○ DE 6 
  DE 12 
 DE 33 
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number of volumetric studies of the glass transition in polymers has been done due to the 
lack of suitable commercial equipment (Hutchinson 2000). In contrast, calorimetric 
studies, especially by DSC, are extremely common because of numerous commercial 
available instruments. Besides, DSC was already selected to measure Tg in this study. 
Therefore, the endothermic peak areas and peak temperatures evident during the DSC 
scans were used as a measure of the extent of physical aging.   
 
Findings of physical aging’s impact on Tg in both biopolymers and synthetic polymers have 
raised some debate on whether the Tg should be increased or depressed by aging, due to 
inconsistent recent findings in the literature (Thomas 2004). The paradox between Tg and 
physical aging is that, theoretically Tg is considered to decrease during aging as aging 
equivalent to slow cooling (Wungtanagorn 2001), yet to increase if based on the increased 
energy need for glass transition. Because glass matrix becomes denser after aging towards 
crystalline-like equilibrium state, more energy and higher Tg are needed for achieving glass 
transition of denser structure. Fictive temperature (Tf) sometimes is used to represent Tg 
and is defined as the temperature at which the enthalpy of a material will be equal to the 
equilibrium enthalpy if it was instantaneously moved to that temperature at a constant 
pressure (Wungtanagorn 2001). Tf is determined as the intersection of the enthalpy-
temperature curves for the glass and liquid states (Wungtanagorn 2001). Among the 
studies on aged glass matrix, Plazek (Plazek 1990) discovered that Tf of partially cured 
synthetic polymer increased with the degree of aging over time, which partially agrees with 
the half-height Tg of ECJ MET flavor aged at 45°C found in this study, but opposite to 
theoretical decrease of Tf during aging (Wungtanagorn 2001 and Figure 2.10). In 
Wungtanagorn’s study on simple sugar glass (Wungtanagorn 2001), the overall Tg onset, 
inflection, midpoint, and endpoint of each sample determined by Univeral Analysis (UA) 
software increased slightly as a function of aging time. Therefore, increase in Tg 
determined by UA software disagrees with the decrease in Tg determined by Tf (Tf 
decreases as ΔH increases, Figure 2.10). Recently, difference in trend of change in Tf and Tg 
has been particularly brought up by Thomas from TA instruments that Tf and Tg (Thomas 
2004). An issue that trend of change in Tg observed in reversing signal from Modulated 
DSC (MDSC®) is the opposite of the trend seen in Tf was found during investigation of aging 
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effect at 15°C below Tg of amorphous polystyrene (Thomas 2004). MDSC is a type of DSC 
that Tg can be determined at simulated isothermal condition in order to separate physical 
aging from the rest of DSC theromgram. Also, increased Tg determined by MDSC agreed 
with the increasing trend of Tg obtained from Dynamic Mechanical Analysis (DMA), which 
indicates that mechanical properties of aged sample would typically have a higher Tg 
(Thomas 2004). Also, similar finding was mentioned in Ubbink’s (Ubbink 2009) that elastic 
moduli and the strength for breaking glassy materials increase with aging time. In 
conclusion, the Tg determined by DSC/MDSC is expected to increase during aging well 
below Tg, while Tf is expected to decrease after aging.  
 
When applied with different storage temperatures (Ts), physical aging was found to slow 
down as the difference between Tg and Ts increased (Plazek 1990) and the evident aging 
peak disappeared later in the storage, which is very similar to the finding of ECJ MET flavor 
stored at 45°C.   
 
Impacts on physical properties of glass matrix from aging other than Tg, such as 
mechanical property and water permeability were found in the following studies (Badii 
2006, Kim 2003). Storage modulus of gelatin films was found to increase with aging time 
(Badii, 2006). The rates of physical aging measured through enthalpy (DSC) and 
mechanical relaxations (DMTA) were similar, suggesting that DSC measurements of 
enthalpy relaxation, which can be more readily implemented under controlled time–
temperature conditions and with better control of water content, can be used as an 
indicator of mechanical changes on aging (Badii, 2006). Water permeability was found to 
decrease with aging time (Kim, 2003), indicating denser glass formed and can be 
interpreted as being a result of reduction of free volume. It also suggested that the long-
term enthalpy relaxation process could be predicted from the short-term data and that 
following enthalpy relaxation should arrow a more systematic understanding of stability of 
physical properties of starch or starch-based products (Kim, 2003). 
 
 
 
21 
 
  
Figure 2.10 Schematic diagram of the change in enthalpy and specific heat capacity of glucose, fructose, and their mixtures 
with isothermal aging at Ta (path ABCO’CA) and without aging (path ABOBA). The samples were cooled at a cooling rate qc 
and heated at a heating rate qh. Hi and H(t) are the enthalpies at the beginning of aging and at aging for time t, respectively. 
The equilibrium enthalpy at aging temperature Ta is H . Cp,l is the specific heat capacity of the equilibrium liquid and Cp,g is 
that of the glass. Tf (unaged) and Tf (aged) are the fictive temperatures of unaged and aged samples, respectively. ΔH(t)=Hi-
H(t) and δH=H(t)-H , respectively. Tp denotes the maximum peak of the heat capacity curve during reheating scan through 
the glass transition region (Wungtanagorn 2001). 
 
2.4.2 Re-crystallization in glass matrix and measurement of crystalline content 
 
For example, as a crystalline material is heated at a specific heating rate over its 
endothermic peak temperature, the material undergoes a transition from crystalline phase 
to liquid phase. During the phase transition, the crystalline material adsorbs energy (heat), 
which breaks intermolecular bonds (loss of crystalline structure) and results in a phase 
transition to the liquid phase. Because of the energy (ΔH, enthalpy) absorbed by the 
material during the phase transition, the thermal event appears as a large endothermic 
peak on the DSC thermogram.  
 
2.5 Impacts on the stability of encapsulated material from glass matrix and its 
physical changes when kept below Tg  
 
Principal physical and chemical effects in MET flavors influencing the stability of the 
encapsulated flavor were demonstrated in Figure 2.11, such as O2 uptake, flavor migration 
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and evaporation. It is generally found that the concentration of oxidation products of 
encapsulated flavors during storage is lower for low molecular weight matrices, which was 
proven later in this study as MET flavors experienced less oxidation than SD flavor.  Such 
phenomenon can be explained by fewer structure defects in MET flavor matrices (prepared 
with low molecular weight carbohydrates), as in lower openness and closed porosity 
(Figure 2.12). 
 
  
Figure 2.11 General characteristics of MET flavors. Indicated are the main structural features and the principal physical and 
chemical effects influencing the stability of the encapsulated flavor (Adapted from Ubbink 2002). 
 
 
 
 
 
 
Figure 2.12 Structural defects of MET flavors. These structural defects reduce the shelf life of the flavor by enabling the rapid 
uptake of atmospheric oxygen and, to a lesser extent, the evaporation of encapsulated flavor. Generally, the negative effects 
of open porosity and surface oil are more pronounced than those associated with closed porosity (Adapted from Ubbink 
2002). 
 
Glass transition appears to only have a weak direct impact on the diffusivity of small 
molecules such as gases and water. So, oxidation still occurs even below Tg and the 
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relatively high mobility of water and oxygen in glassy matrices should be responsible for 
the limited shelf-life of encapsulated materials or dried food products (Meste 2002).  
 
Crystallization of the matrix was shown to induce the release of the encapsulated oil, thus 
stimulating flavor loss (Shimada 1991). Structure collapse of the product, such as caking 
during the storage of dried products, is responsible for the loss of volatile substances 
(Meste 2002). Similar finding was obtained in this study as isomalt MET flavor showed 
caking under accelerated storage temperature (still below Tg) and exhibited higher flavor 
loss than those non-caking samples kept well below Tg. 
 
Depending on the experimental conditions, partial release of flavor may result from 
incomplete encapsulation due to unmelted crystalline portion, which may explain the 
lower initial flavor retention in ECJ MET than in ISO MET based on the larger initial 
crystalline content in ECJ MET. After the released flavor is oxidized or lost, the fraction 
remaining entrapped appears to be protected (Meste 2002) . 
2.6 Recommendations on storage temperature of glass matrix for extended 
shelf-life 
 
For fragile glass-formers like many carbohydrates, relaxation times are temperature-
dependent, with longer times being observed as a storage temperature drops below Tg 
(Levine, 2002). Crystallization and chemical instability resulted induced by molecular 
motion can occur in glassy systems, even when kept well below their Tg (Levine, 2002). 
These observations have important practical implications for the physical and chemical 
stability of commercial glassy products. Some recent research has focused on 
characterization of the time scales of molecular motion in organic glassy solids below Tg.  
 
It has been postulated that long-term physical and chemical stability can be achieved, if 
only an organic glass is stored below T0 (suggested to be about 50°C below calorimetric Tg) 
based on Vogel–Tamman–Fulcher model (Levine, 2002). Kauzmann proposed the existence 
of a “critical” temperature, Tk (the Kauzmann temperature) when configurational entropy 
of a supercooled liquid (ideal glass) becomes equal to that of a crystal and thus the ideal 
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glass experiences total loss of structural mobility. Tk (for a series of organic glasses) was 
found ranging from 40 to 190°C below Tg and relaxation times were found in the order of 
three years, indicating low (but not zero) mobility (Levine, 2002). This suggests that there 
is no universal rule to define a storage temperature that ensures a shelf-life on the order of 
years for a glassy product. For sucrose, it was found that, in order to keep sucrose 
amorphous, it must be stored 19°C below a Tg of 74°C (Levine, 2002). 
 
2.7 Materials selected for MET glass matrices  
 
In this study, two crystalline materials were selected for making MET glass matrices, 
including evaporated cane juice (ECJ) powder (sucrose as the dominant component in ECJ) 
and hydrated isomalt (some water might be removed during melting thru MET making 
process). Detailed formula compositions of both MET will be outlined in the materials and 
methods section.  
 
The costs of isomalt and ECJ used in food industry are reported as 98%isomalt $2.03-3/kg 
and sucrose $1.014/kg (Zumbe 2001). Isomalt, along with other sugar alcohols, is much 
more expensive than standard sugar ingredients, because sugar alcohols vary in sweetness 
compared to sugar (isomalt as 50% sweetness of sucrose) and they often need to be 
supplemented with intense sweeteners slightly further increasing the total cost (Zumbe 
2001). So, sugar alcohol confectionery is favorably priced compared to sugar-containing 
confectionery. 
 
Large scale usage of ECJ is cheaper than sucrose because ECJ is less processed than sucrose, 
while the price ECJ sold to home users (especially organic ECJ, $3.7/kg) can be quite a bit 
higher than sucrose because of some health claims.  Some physico-chemical properties of 
sucrose and isomalt are presented in Table 2.4. Based on the fact that ECJ (sucrose) has a 
lower molecular weight than isomalt, it may indicate ECJ MET flavor matrix is denser than 
isomalt MET flavor matrix (Figure 2.7) so that ECJ MET flavor may have higher flavor 
stability than isomalt MET flavor in terms of evaporation and oxidation loss of flavor 
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benzaldehyde.  However, sucrose glass has been shown with Tg typically higher than 
isomalt glass prepared with the same cooling and heating rate (Frank 2007, Cammenga 
1996), which disagrees with Figure 2.7 because sucrose has a smaller molecular weight 
than isomalt and may be explained by 1) the possible residual water present in isomalt as 
plastisizer to lower Tg and 2) the complex diastereomer nature of isomalt. Detailed 
properties of ECJ and isomalt will be outlined in the sections below.  
 
Table 2.4 Physico-chemical properties of sucrose and isomalt (Zumbe, 2001) 
 
 
2.7.1 ECJ and its dominant component sucrose, physical properties and applications 
 
The Food Drug Administration (FDA) defines ECJ as any sweetener derived from sugar 
cane syrup (FDA guidance), which can include combinations of sugars including mainly 
sucrose, some fructose and glucose (wikipedia_sugarcane juice), and  is known to be less 
processed than sucrose, leading some to claim ECJ (organic particularly) is healthier than 
sucrose (table sugar). However, the claims are not well supported because nutritional 
benefits of ECJ are minimal (ECJ only contain trace amounts of vitamin A, C and calcium and 
has the same amount of calories as table sugar).   FDA’s current policy (FDA guidance) tries 
to control the labeling of ECJ on finished food products and suggests sweeteners derived 
from sugar cane syrup should not be declared as “evaporated cane juice” because ECJ is not 
a usual name of any sweetener type and the term “juice” in ECJ falsely suggests that the 
sweeteners are juice.   
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Typical onset melting temperatures of crystalline sucrose were reported from 165°C to 
192°C (Lee 2011). Because 186°C is much higher than the MET processing temperature, 
166°C (Appendix C), brown rice syrup was added into ECJ as a plasticizer to lower the 
melting temperature of ECJ during MET making process.  Detailed formula information of 
ECJ MET flavor will be outlined in the materials and methods section. Even though the pure 
form, sucrose, has been studied extensively, there has been lack of investigations on 
physical stability of ECJ glass in the literature. Also, the research focus of sucrose glass has 
been surrounding topics of relationship between relative humidity (RH %)/residual water 
mobility and physical properties of sucrose glass (mainly Tg) (Bohn 2005, Frank 2007, 
Roos 2009, Yu 2008), instead of a storage study on a complex model system, such as flavor 
encapsulated with sucrose glass. Therefore, ECJ MET flavor with controlled humidity in this 
study could provide some preliminary findings of physical properties of ECJ glass matrix 
and the impact on flavor stability, in order to fill the research gap.  
 
Amorphous sucrose glass has been widely applied for glass encapsulation in flavor and 
pharmaceutical industries due to its relatively high Tg (64.05°C Tg onset, 69.83°C Tg mid, 
Lee 2011 in print, 70°C and 70.9°C for sucrose, Frank 2007), excellent solubility, sweet 
taste and low hygroscopicity (Zumbe 2001). Also, under storage conditions with controlled 
low humidity and temperature below Tg, pure sucrose glass is generally very stable and no 
obvious re-crystallization has been found upon cooling (after a complete melting) or found 
to form simultaneously upon DSC heating scans in the literature.  So, the very good physical 
stability of amorphous glassy sucrose under controlled humidity makes it a desirable 
candidate for making numerous kinds of candies (Zumbe, 2001).  
 
2.7.2 Isomalt, composition, physical properties and applications 
 
Isomalt is a commercial crystalline sugar alcohol derived from sucrose and widely used as a 
bulk sweetener in the food industry (Borde 2001), because it’s white, odorless and has very 
clean sucrose-like taste profile with no significant off-tastes or aftertastes 
(caloriecontrol.org). The manufacture process of isomalt involves two steps, where sucrose 
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is first transformed into isomaltulose, a reducing disaccharide (6-O-α-D-glucopyranosido-
D-fructose). Isomaltulose is then hydrogenated to make isomalt. The final product, isomalt, 
is actually an equimolar composition of two isomers, α-D-glucopyranosyl–1-6-mannitol 
(GPM) and α-D-glucopyranosyl–1-6-sorbitol (GPS) (Figure 2.13). GPM crystallizes as a di-
hydrate form (1,1-GPM-dihydrate) (Borde 2001, Wikipedia_isomalt). 
 
Isomalt has only 2kcal/g, half the calories of sugars (Zumbe 2001) and has only a small 
impact on blood sugar levels when compared to sucrose (Figure 2.14). Also, it does not 
promote tooth decay (Zumbe 2001). However, it does carry a little risk of gastric distress if 
consumed in large quantities, just like most other sugar alcohols. Compared with other 
sugar alcohols, isomalt is the preferred primary sugar free alternative because it exhibits 
better characteristics, such as moderate sweetness (50% as sucrose), low cost, low gastric 
side effect, good solubility, low melting temperature and mild hygroscopicity (Ballman 
2002, Zumbe 2001).  
 
Figure 2.13 Schematic chemical structures of GPM and GPS, as isomalt diastereomer mixture (Borde 2002) 
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Figure 2.14 Average blood glucose levels of type II diabetics following consumption of 70 g milk chocolate containing sucrose 
or isomalt (Zumbe 2001). 
 
 
Isomalt behaves like a eutectic mixture and exhibits better thermal properties than its 
individual components GPM and GPS, including a sharply decreased melting temperature 
and a Tg between those of GPM and GPS (Table 2.5). Release of the dihydrate water from 
GPM (around 100°C) and melting (around 150°C) have been phenomenologically 
characterized using different scanning rates and heat treatments (Borde 2001). Isomalt 
was found showing no re-crystallization even cooled as slow as 0.3°Cmin-1 (Borde 2001). A 
typical DSC curve obtained for anhydrous amorphous isomalt at 10°C min-1 is presented in 
Figure 2.15.  Isomalt did behave as a single component and showed a unique glass 
transition, indicating a perfect miscibility of GPM and GPS (Borde 2002).  
 
During aging carried out in sealed pans below isomalt Tg (about 60°C), classical aging effect 
was observed that enthalpy relaxation peak became larger and shifted towards higher 
temperatures (Figure 2.16). However, a peculiar behavior was indicated as simultaneous 
apparition of a second step and relaxation peak in the low temperature part of the curves 
(also a regular evolution with time and temperature) (Borde 2001, Figure 2.16). Such 
phenomenon could possibly result from isomeric composition of isomalt, as isomalt may 
form micro-domains. So, local rearrangements of the initially randomly distributed isomers 
GPM and GPS may allow peculiar packing in localized regions (Borde 2001). Structural 
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investigation of the transformations occurred (e.g. using powder X-ray diffraction) will be 
very important to complete the preliminary thermal characterization (Borde 2001). 
 
Table 2.5 Tg and Tm of isomalt and its isomeric components obtained using 10ºC/min DSC heating rate  
(Adapted from Cammenga 1996). 
Mateiral  Tm Melting temp (ºC) Tg Half-height. (ºC) 
 
Tendency towards 
enthalpy relaxation 
GPS 166   55.1 ± 0.6 Violent 
Anhydrous GPM 168   65.9 ± 1.6 Little 
Anhydrous isomalt 142   59.5 ± 0.7 Moderate 
 
 
 
Figure 2.15 Typical Cp curve obtained for amorphous isomalt (Qcooling=Qheating=10°Cmin-1) (Borde 2001). 
 
 
Figure 2.16 Cp curves obtained for amorphous isomalt aged for various times at 30°C (Qheating=10°Cmin-1). 1: unaged 
sample; 2:2 days; 3:5 days; 4:14 days; 5: 27 days (curves have been shifted for sake of clarity) (Borde 2001) 
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CHAPTER 3. INVESTIGATING THE CHEMICAL AND PHYSICAL STABILITY 
OF GLASS-ENCAPSULATED SPRAY-DRIED BENZALDEHYDE STORED 
BELOW THEIR GLASS TRANSITION TEMPERATURES  
 
3.1 Abstract 
 
Product shelf life is among the top concerns of the flavor industry. The purpose of this 
study was to investigate multiple encapsulation technology (MET) for the extension of the 
limited shelf life of readily volatilized and/or oxidized spray-dry flavors. MET is the use of a 
quenched melted glass-forming crystalline material as an extra layer of encapsulation for 
spray-dried (SD) flavors to further enhance stability and extend shelf life. The objectives of 
this research were to: 1) compare and contrast the chemical and physical stability of SD 
and two MET flavors, 2) compare the chemical and physical stability at all storage 
temperatures (Ts) and times, 3) determine possible mechanisms of flavor loss, such as 
volatile permeation and/or oxidative degradation, and 4) provide recommendations for 
shelf-life extension of MET flavors. One benzaldehyde SD flavor and two MET materials, 
isomalt (ISO) and evaporated cane juice (ECJ), were used as model systems. Samples were 
packaged in individual aluminum pouches and sealed in the presence of air to allow for 
possible oxidation of benzaldehyde during storage. Finished products were then stored 
below their glass transition temperatures (Tg) at 7°C, 25°C and 45°C, and analyzed at zero 
time and at monthly intervals for 6 months. 
 
Physical stability parameters, measured using Differential Scanning Calorimetry (DSC), 
were Tg, crystalline content, melting temperature, and physical aging. In addition, Scanning 
Electron Microscope (SEM) was used for micro-level observation of physical structure. 
Chemical stability was based on the total percent change in benzaldehyde determined by 
Stable Isotope Dilution Assay-Gas Chromatography-Mass Spectrometry (SIDA-GC-MS). 
Benzoic acid, as the major oxidative degradation product of benzaldehyde, was also 
measured. Regression modeling of data was conducted using Statistical Analysis System 
(SAS). 
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As predicted, both MET flavors had significantly higher flavor stability (p<0.0001) than the 
SD flavor at all storage temperatures, as indicated by less loss of benzaldehyde. The ECJ 
MET, with an average Tg of at least 10°C greater than the ISO MET Tg, exhibited better 
overall flavor stability at all storage temperatures (p<0.0001). Over storage time, the ECJ 
MET exhibited much less physical aging and re-crystallization than ISO MET. This research 
suggests that ECJ MET, with a large ΔT (Tg-Ts), provides the highest flavor stability. 
Benzoic acid formation was higher in SD than in MET. Overall, the amount of benzoic acid 
formed was much less compared to benzaldehyde loss, indicating the main mechanism for 
flavor loss might be volatilization of benzaldehyde. 
 
Keywords: benzaldehyde; extrusion; evaporated cane juice; glass encapsulation; glass 
transition temperature; isomalt ; oxidation; physical aging; spray dried flavor stability; 
 
 
35 
 
3.2 Introduction 
 
Glass encapsulated spray-dried (SD) flavors are SD flavors treated with Multiple 
Encapsulation Technology (MET). MET is the use of a quenched melted glass-forming 
crystalline carbohydrate as an extra encapsulation layer of SD flavors to form a flavored 
hard candy for further enhanced stability with extended shelf life. Finally, the flavored glass 
is milled into particles of a specific size range. 
 
Flavors compose a significant segment of the whole food industry and 92% of the total 
flavor usage has been applied in the food product category (Risch 1998, Ubbink 2003). 
They are usually volatile compounds and easily subject to chemical degradation and 
evaporation. Within the last few decades, the flavor industry has been facing various 
challenges and among the top listed problems are the low yields in terms of flavor 
retention, the concern of product shelf life, the masking of undesirable flavors and the 
control of particle size (Bangs 1988, Comstock 1988). To overcome these issues, various 
technologies have been developed, such as applications of low heat processing and 
improved packaging conditions, etc. Among them, those targeting flavor delivery systems 
have been at the center of attention.  Flavor delivery systems can be categorized based on 
two primary functions, one of which is aimed at stabilizing flavors for a longer shelf life, 
physically and chemically, and the other for the controlled release during processing, 
product application and consumption (Ubbink 2003).  A variety of encapsulation 
techniques have been developed and optimized with focus on one of those two functions or 
both, such as spray drying, spray coating, melt extrusion, melt injection/solvent cooling, 
complex co-acervation and co-crystallization, etc (Porzlo 2004, Versic 1988).  Spray drying, 
providing superior finished quality and competitive cost effectiveness, dominates among 
those encapsulation technologies with a 85~90% relative contribution (Porzlo 2004, 
Reineccius 1988). In spray drying, a liquid material (often including water, a suitable wall 
carrier, flavor and possibly other emulsifiers) is homogenized and fed into a spray-drier, 
and then atomized into a hot air stream, leaving finished trapped flavor powders with a 
very low moisture after the rapid evaporation of water (Reineccius 1988).  Despite all the 
advantages of low cost, convenience, controlled release and relatively long shelf life, spray-
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dried encapsulated flavors still have a very limited shelf life, which typically ranges from 6 
up to 12 months, depending on the flavor compound (Ubbink 2002). To further extend the 
shelf life of spray-dried encapsulated flavors, the MET technology was developed and was 
studied in comparison to SD flavors herein. 
 
The glassy state is a hard and brittle physical state of amorphous carbohydrates when they 
are below their glass transition temperature, Tg, and in a controlled low humidity 
environment, as compared to the other physical state, the rubbery state (Angell 1988, 
Franks 1985, Roos 1995, Roos 1998), which is soft, sticky and mobile. When the 
temperature surpasses Tg or the humidity increases to a critical limit, the amorphous 
carbohydrates will transform into the rubbery state. Glass encapsulation employed in a 
flavor delivery system is the use of amorphous carbohydrates as a barrier in a glassy solid 
form to encapsulate flavor volatiles (Roos 1995) below the glass transition temperature. 
Because of the nature of the glassy state, especially for those dense glassy systems made 
with low molecular weight carbohydrate materials (Reineccius 1991), and the materials 
chemically inert towards most small flavor compounds, glass encapsulation serves its 
primary purpose of flavor stabilization and protection (Ubbink 2002), rather than 
controlling flavor release. Because flavor release of glass encapsulated flavor is generally 
very fast and often virtually completed once the flavor capsules are brought into contact 
with a moist product matrix or water. Selection of the glass encapsulation material is often 
a balance between the physical stability of the matrix (high molecular weight 
carbohydrates resulting a higher Tg are preferred) and the overall stability of flavors 
(favored by denser glassy state with lower molecular weight carbohydrates for lower 
permeability of both flavors and oxygen) (Ubbink 2002). Most commercial flavors, such as 
those made by spray drying and melt extrusion, have a mixed matrix of low molecular 
weight material, such as sucrose, and medium to high molecular weight ones, such as 
modified starch (Levine 1991, Reineccius 2001, Whorton 1995).  
MET, as a combined technology investiaged in this study, is the use of a quenched melted 
low molecular weight glass-forming carbohydrate as an extra layer over a spray-dried (SD) 
flavor that is already encapsulated previously with high molecular weight carbohydrate, 
e.g. EmcapTM (a modified commercial starch from Cargill which is cold water soluble and 
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provide excellent emulsification properties) to further enhance stability and extend shelf 
life. Therefore, MET flavors are supposed to acquire both advantages from the high and low 
molecular weight carbohydrate matrices, discussed previously as the high physical 
stability, controlled release and the highly dense structure minimizing permeability.  
 
Physical structure studies of glassy matrices, which have been of long-term interest in the 
pharmaceutical industry, have not been conducted thoroughly in the field of encapsulated 
flavors (Noel 1990). The majority of the attention has been placed on the impact from 
relative humidity changes and the processing conditions on physical stability of glassy 
matrices (Sokolov 1997), instead of identifying physical changes both in macro and micro 
levels occuring under the apparent Tg (with controlled humidity), which is a typical storage 
marker for stability, and how the physical changes are related to chemical changes. When 
temperature is below the Tg, the flavor coating is in its glassy state and the translational 
and rotational mobility of the coating molecules are limited, while vibrational motion is still 
present and is named as the secondary relaxations of molecules. It is a micro level 
structural change from a glassy state to a more stable state with some loss in its enthalpy 
and volume, usually 20-40K below Tg, as a result of the internal rotation toward reducing 
configurational energy, and can be characterized as enthalpy relaxation (physical aging) 
(Angell 1988). Correlation of enthalpy relaxation to stability has not been widely 
investigated for food materials, but a long-time interest in the pharmaceutical industry. 
Molecular mobility and enthalpy relaxation kinetics have been shown to be partially 
correlated with physical and chemical stability of amorphous pharmaceuticals. So, for 
microencapsulated flavor products, since humidity and temperature are often controlled 
very well during the storage, stability changes that still occur should be investigated below 
Tg and be related to other possible physical properties for predication rather than above 
Tg. Therefore, this study focuses on investigation of physical and chemical changes of MET 
SD flavors stored under controlled temperature and humidity conditions below Tg.
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3.3 Materials and Methods 
3.3.1 Materials and sample preparations 
3.3.1.1 Materials 
 
Formulating Spray-dried (SD) flavor 
 
Benzaldehyde was the only flavor compound used in this study (the volatile compound 
responsible for cherry aroma and flavor), because of its high volatility and simple 
degradation mechanism for oxidation. EmcapTM with recommended DE was used as the 
emulsifier and encapsulation material for making SD by FONA. According to FONA, the 
amount of EmcapTM was optimized because the load could affect the final retention through 
the solid feed content (generally, the higher solid feed, the higher retention) and through 
the spray drying process where the film formed by the emulsifiers could affect the internal 
circulation of aqueous material. The composition of spray-dry emulsion was about 10% wb 
benzladehyde, 40% EmcapTM and 50% water (Appendix C). According to FONA, the 
processing conditions for making SD, including homogenization and spray drying, were 
optimized to generate the highest retention.  
 
Formulating ECJ & Isomalt Multiple Encapsulation Technology (MET) flavors 
 
Multiple Encapsulation Technology (MET) (Flavor of North America International, Geneva, 
Illinois) was used as the model system for glass encapsulation. MET flavors were prepared 
with a double twin-extruder by incorporating the spray-dried flavor powders into a melt of 
low molecular weight carbohydrate approximately in a ratio of 2:3. The blended melt was 
then extruded and cooled, setting up the amorphous glass. Finally, the finished glass MET 
flavors were milled into flavor particles with customized size. 
 
The two low molecular carbohydrates chosen as MET material for this study are 1) 
evaporated cane juice (ECJ) with 12% brown rice syrup and 2) isomalt (ISO) as sugar free 
alternative. ECJ is basically a cheap source for crystalline sucrose and, the 12% brown rice 
syrup added to ECJ was for lowering the melting temperature of ECJ close to MET 
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processing temperature, in order to have maximum retention of volatile benzaldehyde 
during melting.  
 
All formula information and processing parameters of the ECJ MET and ISO MET were 
presented in Appendix C. Based on previous trial-run results for orange ISO MET 
(Appendix D), to achieve reasonable level of MET melting condition, the SD was first mixed 
with 35% maltodextrin prior to add the pure spray-dry into melt MET materials. Total 40% 
spray dry loading during making MET (35% of which is maltodextrin) could provide a 
finished MET glass with both desirable Tg and almost complete melting.  
 
3.3.1.2 Sample preparation  
 
The finished ECJ MET and ISO MET, were milled into particles. To allow oxidation to occur 
and have controlled humidity, flavor samples were individually packed in sealed water/air 
tight aluminum pouches (a dimension about 11.4cm width*15.2cm length* 1.8cm height), 
filled with air at FONA’s processing facility. Also, to ensure enough oxygen for oxidation, 
appropriate weights of SD& MET flavors in each package were determined in order to have 
similar total amount of benzaldehyde, ~10g/pouch for MET flavors and ~2.6 g/pouch for 
SD (10g*40%*65%=2.6g). Sealed samples were stored under three temperatures, 7°C 
(refrigeration), 25°C (incubator) and 45°C (oven), all of which were selected as below or 
close to glass transition temperatures (Tg) of the fresh ECJ MET and ISO MET at zero time. 
Tg of ECJ MET was about 57.39°C ±0.79°C and 50.27°C±0.99°C for the ISO MET. 
 
Samples were stored up to 6 months, which is the typical shelf life of SD, and were analyzed 
with monthly intervals for physical characterization and chemical stability. To have 
triplicates for all treatment combinations of flavor matrix, storage temperature and time, 
57 pouches (3+3*6*3=57) for each flavor were provided. Therefore, sealed samples would 
not be opened untill time of analysis to avoid interference from constantly opening and 
closing during each measurement. 
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3.3.2 Data Collection 
3.3.2.1 Initial material characterization  
 
3.3.2.1.1 Particle size determination 
 
Profiles of particle size distribution from each flavor matrix were obtained using mesh and 
presented in Appendix D. All three flavor samples were sifted using USA Standard Testing 
Sieves (ASTME-11 Specification). For MET flavors, particles greater than 0.0070 inches 
(177μm) and less than 0.0232 inches (595μm) were used for storage studies. For SD, 
particles greater than 0.0059 inches (149μm) and less than 0.0232 inches (595μm) were 
used. As shown in Appendix D, two MET flavors shared very similar particle size profile, 
thus making the particle size less an impact factor on stability between those two matrices. 
However, the majority of SD particles were much smaller than MET flavors, making the 
particle size and surface area possible factors to have different impacts on stability 
between SD and MET flavors. 
 
3.3.2.1.2 Moisture content determination 
 
Initial M.C. % (wb) of all three flavor samples were determined onsite using colorimetric 
Karl Fisher titration (DL38 Titrator Mettler Toledo) by FONA right after production. Initial 
M.C. % (wb) of samples was 0.747% for SD, 0.213% for the ECJ MET and 0.300% for ISO 
MET (Appendix D). M.C. % was statistically different between SD and MET flavors at an 
alpha of 0.05 but not between two MET flavors, by using Tukey's Studentized Range as the 
mean separation method for ANOVA analysis in SAS. 
 
3.3.2.1.3 Water activity determination 
 
Water activity (aw) of all fresh samples were determined using AquaLab series 4TE DUO at 
time zero under 25.95°C. Aw were 0.233 ± 0.01 for SD, 0.239 ± 0.0162 for the ECJ MET, and 
0.232 ± 0.0057 for the ISO MET (Appendix D). The values were not statistically different 
from each other at an alpha of 0.05, by using Tukey's Studentized Range as the mean 
separation method for ANOVA analysis in SAS. 
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3.3.2.2 Physical stability characterization 
 
3.3.2.2.1 Differential Scanning Calorimetry (DSC) 
 
Standard DSC was carried out using a DSC Q2000 (TA instruments, New Castle, DE), 
equipped with a Refrigerated Cooling System (RCS 90). The DSC Q2000 was calibrated for 
enthalpy (cell constant) and temperature prior to sample measurements. Temperature 
calibration was performed to correct the difference between the known melting 
temperature of a standard (indium, Tm onset of 156.6oC, ΔH of 28.71 J/g, Lot# A10R020, 
TA instruments, New Castle, DE) and its measured melting temperature. Hermetic 
aluminum TzeroTM pans (PN 901683.90, TA instruments, New Castle, DE) and lids 
(PN309684.901, TA instruments, New Castle, DE) were used for all calibration and sample 
measurements, including an empty pan as the reference. Dry nitrogen, at a flow rate of 50 
mL/min, is used as the purge gas.  
 
Hermetically sealed ECJ MET and ISO MET (approximately 5~8 mg) were equilibrated at 
25°C, then fast cooled down to -50°C at 100°C/min, equilibrated and then heated at 
10oC/min over the temperature range where an entire melting/apparent melting 
endothermic peak is obtained, in this case 200°C for the ISO MET and 225°C for the ECJ 
MET. All analyses were determined with triplicate. Universal Analysis (UA) software (TA 
instruments, New Castle, DE, version 4.4A) was used to plot the heat flow signal of 
triplicate measurements against temperature and to obtain the melting parameters (Tm 
onset, Tm peak, and ΔH), glass transition temperatures (Tg, Tg onset) and physical aging 
peak temperature. 
 
3.3.2.2.2 Surface morphology  
 
Surface morphology of all three flavor samples was examined overtime using Scanning 
Electronic Microscopy (SEM) (JEOL JSM-6060LV) to compare surface roughness between 
MET flavors and to observe nano-scale visual differences over time.  Before mounting 
flavor samples on to the sample holder for SEM, flavor samples were coated with Au-
Palladium by using Autosample coating instrument (EMITECH, K575) under vacuum for a 
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cycle of 8 sec x5. SEM operation parameters were the followings: Acc Voltage 2.0kv, Vac 
Mode HV, Working Distance 10mm, Signal SEI, Spot Size 28-50, Semi-auto gun Alignment. 
Working Resolutions for SD flavor are x500, x1000, x1500 and x120, x500, x1000, x1500, 
x3000 for MET flavors. 
 
3.3.2.3 Chemical stability characterization 
 
3.3.2.3.1 Synthesis of stable isotope standard 
 
Compound identification was based on matching GC retention indices and mass spectra 
with those of authentic standards.  Tentative identifications were based on one or more, 
but not all, of the above criteria. A homologous series of n-alkanes (C10 to C30: ref. no. R 
8769, Sigma) was used for the determination of retention indices according to the method 
of van Den Dool and Kratz (17) under the chromatographic conditions described below, 
and compared with authentic standards and published values (Adams 1995). 
 
The RIs determined thru a RTX-Wax column for all compounds were: Benzaldehyde 
RI=1563, (db-5 column: 928 iu database); d5-benzaldehyde RI=1561; Benzoic acid 
RI=2449 (db-5 column: 1150 iu database). 
 
3.3.2.3.2 Stable Isotope Dilution Assay 
 
Preparation of isotope standards  
Deuterium labeled benzaldehyde-2, 3, 4, 5, 6-d5 (Appendix A. for synthesis, Figure A.2 for 
its spectrum) and benzoic acid-2, 3, 4, 5, 6-d5 (Sigma-Aldrich Co) were used as internal 
standards. Their stock solutions were prepared with CH2Cl2 at concentrations of 
0.01008mg/ μl and 0.00104mg/ μl, respectively, and stored at -60°C until used. 
Concentration of d5-benzaldehyde was periodically checked to ensure accurate 
quantification.  
 
Preparation of Total Oil Extracts  
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About 100mg of each flavor sample was weighed into a 25ml COREX® vial. For 
quantification of benzaldehyde, 50 μl and 10 μl of the d5-benzaldehyde stock solution were 
added to SD and MET samples, respectively, to ensure that the ratio of benzaldehyde to its 
isotope standard fell within the linear range of the calibration curve.  For quantification of 
benzoic acid, 10 μl of the d5-benzoic acid stock solution was added to all samples. Ten ml of 
aqueous 0.1N HCl saturated with NaCl was added into each mixture. Each mixture was 
vortexed (Vortex, Genie 2 TM, Fisher Brand ®) at speed 5 for about 0.5 min until all sample 
particles were dissolved and then the mixture was further agitated on a multi-mixer (LAB-
LINE instruments, Inc. Melrose Park, ILL) at medium speed for 30 min under room 
temperature.  Ten mL of anhydrous ethyl ether (E138-1, Fisher Scientific) stabilized with 
100ppm butylated hydroxytoluene (BHT, Fisher Scientific) was added to each mixture and 
the mixture vortexed at speed 5 for about 0.5min and then further agitated using the multi-
mixer at medium speed for 15min. The mixture was then centrifuged at ½ speed (1.5E3 
RPM) for 5min to break the ether-aqueous layer emulsion. Approximately a 1.5 ml aliquot 
of the top clear l(ether) layer was carefully transferred to a 2ml GC vial.  A small amount of 
anhydrous sodium sulfate (Sigma-Aldrich Co.) was added to the vial to remove any residual 
water. Extracts were stored at -60°C until GC-MS analysis. 
 
Preparation of Surface Oil Extracts  
Approximately 100mg of each sample was weighed into a 25ml COREX® vial. For 
quantification of benzaldehyde, 5 μl of the d5-benzaldehyde stock solution was added to 
each samples, to ensure that the ratio of benzaldehyde to its isotope standard fell within 
the linear range of the standard calibration curve.  For quantification of benzoic acid, 10 μl 
of the d5-benzoic acid stock solution was added to each sample. Ten ml of anhydrous ethyl 
ether stabilized with 100ppm butylated hydroxytoluene (BHT) was added and the mixture 
vortexed at speed 5 for about 0.5 min and then further agitated using a multi-mixer at 
medium speed for 30 min under room temperature. The mixture was then centrifuged at ½ 
speed for 5min to settle the undissolved sample particles. Approximately a 1.5 ml aliquot 
without any undissolved particles was carefully transferred into a 2ml GC vials. Extracts 
were stored at -60°C until GC-MS analysis..  
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3.3.2.3.3 Gas Chromatography-Mass Spectrometry (GC-MS)  
 
Volatile extracts were analyzed using a 6890 GC/5973N MSD (Agilent Technologies Inc.).  
Separations were performed on 1 μL injections of each extract using a bonded-phase polar 
capillary column (RTX-Wax column, 30 m, 0.25 mm I.D., 0.5 um film thickness, Restek, 
Agilent Technologies). The GC injection port and the interface temperature were set to 
280°C with the helium carrier gas maintained at a flow rate of 1.0 ml/min. Injections were 
made in the splitless mode with the inlet port purged after 1 min. The oven temperature 
was programmed from 40 to 225 °C at a rate of 15 °C/min with initial and final hold times 
of 1.00 and 1.70 min, respectively. The MSD conditions were as follows: 5 min solvent 
delay; capillary direct interface temperature, 280 °C; ionization energy, 70 eV; mass range, 
104.0-130.0 amu; electron multiplier voltage (Autotune + 2000 V); scan rate, 19.53 scans/s. 
Scan mode as the signal acquisition mode, with mass scanning range from 104.0 to 130.0 
amu, was used to increase detection sensitivity. Under these conditions, the retention times 
of the internal standards, d5-benzaldehyde and d5-benzoic acid were 10.45-10.60 min and 
13.55-13.65 min. The retention times of benzaldehyde and benzoic acid were the same as 
their isotope standards, 10.45-10.60 min and 13.55-13.65 min. For extracted ion 
chromatography (EIC), the ions monitored for quantification were molecular ions with m/z 
of 111 (d5-benzaldehyde), 127 (d5-benzoic acid) for the internal standards and 106, 122 
for target compounds, benzaldehyde and benzoic acid, respectively. 
 
3.3.3 Data Analysis 
3.3.3.1 Differential Scanning Calorimetry (DSC) 
 
3.3.3.1.1 Glass transition temperature (Tg) and physical aging determination  
 
Half height manual method was used for determining Tg, Tg onset and Tg ending.  Tgs of 
MET flavors were measured monthly and compared over time to examine the glass 
stability and physical aging effect. Endothermic peaks near glass transition were used to 
determine physical aging (enthalpy relaxation).  
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3.3.3.1.2 Crystalline content and re-crystallization determination  
 
Crystalline evaporated cane juice (ECJ) and isomalt were provided from FONA to obtain the 
complete meting enthalpies for each crystalline MET material. To calculate the crystalline 
content of MET flavors over time, the ratio of melting enthalpy of each MET flavor to their 
corresponding crystalline melting enthalpy was multiplied by 100% to generate the 
crystalline%. Any increase in crystalline% of MET flavors over time indicated possible re-
crystallization. 
 
3.3.3.2 Chemical stability 
3.3.3.2.1 Determination of response factors from standard calibration curves  
 
For quantifications of benzaldehyde and benzoic acid in flavor samples, the response 
factors for these compounds needed to be determined. In order to calculate a response 
factor, appropriate ion or ions must first be selected to relate the abundance of the 
unlabeled compound against the labeled compound. The ideal ions should be moderately 
abundant, only present in the spectra of unlabeled/ isotope standards and not in spectra of 
other compound from the sample that coelute with target compounds or isotope standards.  
 
When the spectra of benzaldehyde and d5-benzaldehyde were compared (Figure A.1 and 
A.2), it was clear that many of the isotope fragments are increased by five m/z units. Using 
ions that are unique for each unlabeled compound and isotope is certainly the best choice if 
they are abundant. In the present study the ions selected were molecular ions, because 
there was neither contribution from ion 111 in the unlabeled benzaldehyde spectrum nor 
any contribution from ion 106 in the isotope’s spectrum. Figure A.1 and A.2 showed the 
mass spectra for the unlabeled and deuterium labeled benzaldehyde from synthesis 
(Appendix. A), indicating the moderately abundant, unique molecular ions, 106 for 
benzaldehyde and 111 for d5-benzaldehyde. Similarly, for benzoic acid and d5-benzoic 
acid, 122 and 127 as their corresponding molecular ions were selected. 
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Now that ions were selected, they could be extracted from the total ion chromatogram 
using ChemStation software using the Extracted Ion Chromatograph (EIC) option and their 
peak areas could then be integrated. The areas of these ions were recorded and the ratio of 
the unlabeled standard ion area to isotope ion area was calculated. The next step was to 
relate the peak area ratio of the ions to the mass ratio of the compounds. Table B.1 and B.2 
provided the details of GC-MS methods, volumes, concentrations, mass and area ratios used 
to make the calibration solutions. The mass of the unlabeled standard/isotope in solution 
was found by multiplying the concentration of the unlabeled standard/isotope by the 
volume added to the solution. The mass ratio of the unlabeled standard and its isotope was 
then taken. After the mass and area ratios were determined for all calibration solutions, the 
data was plotted as seen in Figure B.1 and B.2 to give a linear relationship between the area 
ratio and the mass ratio of the unlabeled standard against its isotope. The slope for the 
calibration curve of d5-benzaldehyde was 0.9971 and the response factor is the reciprocal 
of the slope, which was 1.002908.  The slope for the calibration curve of d5-benzoic acid 
was 0.9259 and the response factor was 1.0797. The response factors suggested that 
unlabeled standard and its corresponding isotope had very similar responses to the MS 
detector. The R2 values for least square linear fit were all acceptable, 0.9995 and 0.9997, 
with linear ranges applicable to the actual ratio of compounds to isotope standards in 
flavor samples. Then the task of determining compound content in the flavor samples could 
begin.  
 
3.3.3.2.2 Determination of flavor retention and flavor loss 
 
For measurement of total flavor retention, total benzaldehyde present in flavor samples 
was quantified and expressed as in percentage of sample weight, % wt/wt. Therefore, it 
was supposed to decrease over time.  
 
To compare total flavor loss among three flavors (SD, ECJ MET and ISO MET), monthly 
percent change in benzaldehyde (Δbenzaldehyde%) were determined in order to remove 
the baseline differences, since SD started with much higher benzaldehyde than MET flavors 
simply due to the dilution effect from MET flavor making process. Monthly percent change 
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in benzaldehyde was calculated using the percent benzaldehyde at month 0 minus the 
percent benzaldehyde at month n. Therefore, the flavor loss values were supposed to 
increase over time as loss of benzaldehyde progresses, regardless of mechanisms of flavor 
loss. 
 
Samples were analyzed out of pre-opened samples in pouch bags stored at -60°C, because 
DSC analysis needed to be conducted first on open sample bags right after monthly 
temperature treatment without any storage delay. To determine the total benzaldehyde 
content in the flavor samples, target compounds are always in a pursuit of equilibrium, 
after extraction. Figure B.3 showed areas for the selected ions found by extracting ions 106 
(benzaldehyde) and 111 (d5-benzaldehyde) from the chromatogram using and integrating 
the resulting peaks. Row “D5-benzaldehyde/mg” (Appendix D) shows the mass of isotope 
that was spiked in the sample under analysis before extraction. This mass was found by 
multiplying the concentration of the isotope solution by the volume spiked. The mass of 
benzaldehyde in the actual sample used (~100 mg) could be determined by deducing the 
linear equation for d5-benzaldehyde calibration curve: y = 0.9971x + 0.2128 (Figure B.1). 
Therefore, the mass of benzaldehyde in actual weighed sample should be obtained by using 
the peak area ratio of ion 106/ion 111 minus 0.2128, then multiplying the result by the 
response factor and by the mass of isotope spiked into samples. Finally, the weight 
percentage of benzaldehyde in the sample was calculated as the mass of benzaldehyde over 
the actual mass of weighed sample then multiplied by 100%.  All quantification data for 
total benzaldehyde weight percent was recorded in Appendix. D. 
 
3.3.3.2.3 Determination of oxidative degradation  
 
For measurement of oxidative degradation, benzoic acid as the final oxidation product was 
chosen as the target compound for quantification, because benzoic acid is a stable and non-
volatile compound and ideal for determining oxidation level. Total benzoic acid formed in 
flavor samples was quantified and expressed as a percentage of sample weight, % wt/wt. 
Therefore, it was supposed to increase over time as oxidation continues.  
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To compare total oxidation level among three flavors (SD, ECJ MET and ISO MET), monthly 
percent change in benzoic acid was determined in order to remove the baseline differences, 
due to the variation of beginning percent benzoic acid present among different flavors. 
Monthly percent change in benzoic acid was calculated using the percent benzoic acid at 
month n minus the percent benzoic acid at month 0. Therefore, the monthly oxidation 
values were supposed to increase over time as oxidation continues.  
 
To determine the total benzoic acid content in three flavors, target compounds are always 
in a pursuit of equilibrium, after extraction. Figure B.4 showed areas for the selected ions 
found by extracting ions 122 (benzoic acid) and 127 (d5-benzoic acid) from the 
chromatogram and integrating the resulting peaks. Row “D5-benzoic acid/mg” (Appendix 
D) showed the mass of isotope that was spiked in the sample under analysis before 
extraction. This mass was found by multiplying the concentration of the isotope solution by 
the volume spiked into samples. The mass of benzoic acid in the actual sample used (~100 
mg) could be determined by deducing the linear equation for d5-benzoic acid calibration 
curve: y = 0.9259x - 0.0222 (Figure B.2). Therefore, the mass of benzoic acid in actual 
weighed sample should be using the peak area ratio of ion 122/ion 127 plus 0.0222, then 
multiplying the result by the response factor and by the mass of isotope spiked. Finally, the 
weight percentage of benzoic acid in the sample was calculated as the mass of benzoic acid 
over the actual mass of weighed sample then multiplied by 100%.  All quantification data 
for total benzoic acid weight percent could then be completed and recorded in Appendix. D. 
 
3.3.3.2.4 Determination of other possible volatile degradation compounds from benzaldehyde 
 
To suggest possible mechanisms for major benzaldehyde loss, a full profile of all possible 
volatile degradation compounds (such as benzene and benzaldehyde polymers) was 
needed. Due to absence of alcohol compounds in flavor samples, acetal formation from 
benzaldehyde was unlikely and thus not performed. The SD, stored at 45°C after 6 months, 
was expected to have the highest level of degradation, if any. Therefore, its total oil extract 
was chosen for analyzing the full profile of all possible degradation compounds by GC-
FID/GC-MS.  The oven temperature was programmed from 40 to 225°C at a rate of 
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15°C/min with a final hold time of 60 min. Stabilwax column and hot-splitless injection 
mode were used. No appreciable size peaks corresponding to degradation compounds 
other than benzoic acid were found and thus no other degradation mechanisms could 
account for major loss of benzaldehyde. More details will be discussed in the results and 
discussion section. 
 
3.3.3.3 Statistic analysis 
 
Regression modeling of the data was conducted using Statistical Analysis System (SAS) 
version 9.2. Tukey’s Studentized Range (Tukey’s) method was used as the mean separation 
method for determining whether any statistic difference exists among treatments. Common 
variance assumption for ANOVA was performed with Brown and Forsythe's Test and was 
found to be valid.  
 
Regression model for DSC results-Complete randomized design (CRD): 
ijklijkjkikkijjiijkl VCTCTVTTVCCVy     
 
ijkly  - Quantitative DSC results, Tg or Crystalline%, all collected in triplicates 
iV  - MET Matrix treatment factor (ECJ or Isomalt) 
jC  -Temperature treatment factor (7°C, 25°C, 45°C) 
kT  –Storage time factor (0month, 1month…6month) 
ijVC , ikVT , jkCT , ijkVCT  - Interaction terms between factors 
ijkl -Error term 
All factors and their interaction terms were fixed. Interaction terms that were non-
significant would be removed from model for a more precise estimation of the error term.  
 
Regression model for GC-MS results-Complete randomized design (CRD):
yijkl =m+Vi +Cj +VCij +Tk +VTik +CTjk +VCTijk +eijkl  
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ijkly  - Quantitative GC-MS results, such as monthly total benzaldehyde%, monthly total 
benzoic acid%, all collected in triplicates 
iV  - Flavor Matrix treatment factor (SD, ECJ or Isomalt) 
jC  -Temperature treatment factor (7°C, 25°C, 45°C) 
kT  –Storage time factor (0month, 1month…6month) 
ijVC , ikVT , jkCT , ijkVCT  - Interaction terms between factors 
ijkl -Error term 
All factors and their interaction terms were fixed. Interaction terms that were non-
significant would be removed from model for a more precise estimation of the error term.  
 
3.4 Results and Discussion 
3.4.1 GC-MS results 
 
3.4.1.1 Results of flavor loss and flavor retention 
 
Flavor loss 
 
Overall, the ECJ MET exhibited the lowest flavor loss (highest flavor stability), as a function 
of storage time, at all three storage temperatures (Figure 3.1).  On the other hand, the SD 
had the highest flavor loss. As expected, within each flavor matrix, the lowest storage 
temperature (7°C) showed the least amount of flavor loss, while 45°C showed the highest.  
For comparison purposes, the regression model in section 3.3.3.3 was used for flavor loss 
analysis and was found to be a good fit to the experimental data (R2=0.987).  All interaction 
terms in the regression model were significant (p<0.0001), indicating that different flavors 
behaved very differently as a function of temperature and storage time. Thus, temperature 
impacted the flavor stability of the MET flavors.  
 
The overall mean flavor loss values, as in change in benzaldehyde as a function of storage 
time, for all three flavor matrices are presented in Table 3.1. By comparing the flavor 
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losses, as predicted, both MET flavors showed significantly less flavor loss, thus higher 
flavor stability (p<0.0001) than the SD during storage (Table 3.2). The same result was 
found at each storage temperature (Table 3.3), the ECJ MET exhibited the best overall 
flavor stability (p<0.0001), followed by the ISO MET, and finally with the SD matrix having 
the lowest stability.   
 
 
 
Figure 3.1 Mean flavor loss (as percent change in benzaldehyde) in three flavors as a function of storage at 7°C, 25°C and 
45°C  
 
Table 3.1 Overall mean flavor loss (as percent change in benzaldehyde) in three flavors 
Sample  Overall Mean Flavor Loss± Standard Error 
ECJ 1.51 a ±0.036 
ISO 2.08 b ±0.036  
SD  3.80 c ±0.036 
Values with different superscript letters indicate statistical difference at p<0.0001. 
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Table 3.2 Comparison of amount of mean flavor loss (as percent change in benzaldehyde) among three flavors 
Comparison Pair Overall Mean Difference*± 
Standard Error 
P-value 
Tukey Adjusted 
ISO vs. ECJ 0.57± 0.051 <.0001 
SD vs.  ECJ 2.30± 0.051 <.0001 
SD vs.  ISO 1.72± 0.051 <.0001 
SD vs. Avg MET 2.01± 0.044 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had greater flavor loss (lower flavor stability) than flavor 2 
(left) within the comparison pair. 
 
Table 3.3 Comparison of amount of mean flavor loss among three flavors at each storage temperature 
Temperature/ºC Comparison Pair Overall Mean Difference*± 
Standard Error 
P-value  
Tukey Adjusted 
7 
 
ISO vs. ECJ 0.35± 0.088 =0.0039 
SD vs.  ECJ 1.64± 0.088 <.0001 
SD vs.  ISO 1.29± 0.088 <.0001 
25 ISO vs. ECJ 0.67± 0.088 <.0001 
SD vs.  ECJ 2.10± 0.088 <.0001 
SD vs.  ISO 1.42± 0.088 <.0001 
45 ISO vs. ECJ 0.70± 0.088 <.0001 
SD vs.  ECJ 3.16± 0.088 <.0001 
SD vs.  ISO 2.45± 0.088 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had greater flavor loss (lower flavor stability) than flavor 2 
(left) within the comparison pair. 
 
 
By comparing the overall flavor loss at each storage temperature over time (Table 3.4), as 
predicted, the lowest storage temperature at 7°C provided the greatest overall protection 
followed by 25°C (p<0.0001). Therefore, lower temperature could possibly function to 
reduce flavor loss through reducing chemical degradation rate, or through slowing down 
physical loss by stabilizing and maintaining the MET glassy structure and by controlling the 
diffusion rate.  
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Table 3.4 Comparison of overall combined mean flavor loss at each storage temperature 
Temperature/ºC Overall Mean Flavor Loss*± Standard Error 
7 1.54
 a
 ±0.036  
25 2.50
 b 
±0.036  
45 3.35
 c
 ±0.036  
 *: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
Table 3.5 Comparison of degree of mean flavor loss within each flavor at three storage temperature 
Flavor Matrix Temperature/ºC 
Comparison Pair 
Overall Mean Difference*± 
Standard Error 
P-value  
Tukey Adjusted 
ECJ 25 vs. 7 0.70± 0.088 <.0001 
45 vs. 7 1.19± 0.088 <.0001 
45 vs. 25 0.49± 0.088 <.0001 
ISO 25 vs. 7 1.02± 0.088 <.0001 
45 vs. 7 1.54± 0.088 <.0001 
45 vs. 25 0.52± 0.088 <.0001 
SD 25 vs. 7 1.16± 0.088 <.0001 
45 vs. 7 2.71± 0.088 <.0001 
45 vs. 25 1.55± 0.088 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had greater flavor loss (lower flavor stability) than flavor2 
(left) within the comparison pair. 
. 
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Figure 3.2 Total flavor loss in the SD during storage at 7°C, 25°C and 45°C  
 
 
 
 
Figure 3.3 Total flavor loss in ISO MET during storage at 7°C, 25°C and 45°C  
 
Time/month 
 Time/month 
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Figure 3.4 Total flavor loss in ECJ MET matrix during storage at 7°C, 25°C and 45°C  
 
Flavor retention 
 
The ECJ MET exhibited better overall flavor stability at all storage temperatures than the 
ISO MET, but based on Table 3.6 and Table 3.7, the ECJ MET seemed to have a slightly lower 
initial flavor load and a lower overall flavor retention than the ISO MET. This may be 
caused by insufficient melting during the ECJ MET making process (as indicated by high 
percent crystalline material as shown in DSC results section), thus resulting in less spray 
dry flavor powders captured in the glassy matrix and more of the material being exposed at 
the surface, when compared to the ISO MET which underwent more complete melting. 
However, this result might not be confirmative, because only one batch of samples for SD 
and both MET flavors was made and analyzed to insure consistency among samples (also to 
meet the various timing and resource constraints). More batches should be used in future 
studies if the comparison of the initial flavor loading between the two MET flavors is of 
interest. Figure 3.5 shows the ECJ MET had the overall lowest flavor retention during 
storage for all three storage temperatures.  This should be interpreted with caution as 
explained previously because of the limited sample size of batches collected. The results, 
Time/month 
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which demonstrated that the SD had the highest flavor retention and MET flavors had the 
lowest flavor retention, could be explained by the dilution effect of the MET flavor 
production process which involved mixing SD with MET materials (product formulas 
shown in Appendix. E). For all three flavors, the lowest storage temperature of 7°C 
obviously showed the highest flavor retention, while 45°C storage showed the lowest.  The 
overall mean flavor retentions, as in total percent benzaldehyde, during storage for all 
three samples, were presented in Table 3.6. As predicted, both MET flavors had overall 
significantly lower flavor retention (p<0.0001) than the SD during storage (Table 3.7). The 
same result was found at each storage temperature (Table 3.8), in that the ECJ MET showed 
the lowest flavor retention (p<0.0001), followed by ISO MET, and finally with SD showing 
the highest retention.   
 
 
Figure 3.5 Mean flavor retention of three flavors during storage at 7°C, 25°C and 45°C  
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Table 3.6 Initial mean flavor load, as percent benzaldehyde, of three flavors 
Sample  Initial Mean Flavor Load± Standard Error 
ECJ 5.17 a ±0.165 
ISO 6.68 b±0.165 
SD  19.82 c ±0.165  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
Table 3.7 Comparison of overall mean flavor retention, as percent benzaldehyde, in three flavors 
Comparison Pair Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
ISO vs. ECJ 0.94± 0.051 <.0001 
SD vs.  ECJ 12.35± 0.051 <.0001 
SD vs.  ISO 11.42± 0.051 <.0001 
SD vs. Avg MET 11.88± 0.044 <.0001 
*: Positive mean differences indicate that flavor1 (right) had a higher flavor retention than flavor2 (left) within the 
comparison pair. 
 
Table 3.8 Comparison of mean flavor retention, as percent benzaldehyde, in three flavors at each storage temperature 
Temperature/ºC Comparison Pair Overall Mean Difference*± 
 Standard Error 
P-value 
Tukey Adjusted 
7 
 
ISO vs. ECJ 1.16± 0.088 =0.0039 
SD vs.  ECJ 13.01± 0.088 <.0001 
SD vs.  ISO 11.85± 0.088 <.0001 
25 ISO vs. ECJ 0.84± 0.088 <.0001 
SD vs.  ECJ 12.55± 0.088 <.0001 
SD vs.  ISO 11.71± 0.088 <.0001 
45 ISO vs. ECJ 0.81± 0.088 <.0001 
SD vs.  ECJ 11.49± 0.088 <.0001 
SD vs.  ISO 10.69± 0.088 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had a higher flavor retention than flavor 2 (left) within the 
comparison pair. 
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By comparing the overall flavor retention at each storage temperature (Table 3.4), as 
predicted, the lowest storage temperature at 7°C provided the greatest overall protection 
followed by 25°C (p<0.0001). Therefore, lower temperatures could protect flavor loss 
through reducing reaction rate of chemical degradations, controlling volatilization rate of 
flavor or through maintaining physical stability of the MET glassy structure to minimize 
undesirable flavor release. 
Table 3.9 Comparison of amount of mean flavor retention within each flavor at three storage temperatures 
Flavor Matrix Temperature/ºC 
Comparison Pair  
Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
ECJ 7 vs. 25 0.70± 0.088 =0.0039 
7 vs. 45 1.19± 0.088 <.0001 
25 vs. 45 0.49± 0.088 <.0001 
ISO 7 vs. 25 1.03± 0.088 <.0001 
7 vs. 45 1.55± 0.088 <.0001 
25 vs. 45 0.53± 0.088 <.0001 
SD 7 vs. 25 1.16± 0.088 <.0001 
7 vs. 45 2.71± 0.088 <.0001 
25 vs. 45 1.55± 0.088 <.0001 
*: Positive mean differences indicate that flavor1 (right) had a higher flavor retention than flavor2 (left) within the 
comparison pair. 
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Figure 3.6 Total flavor retention in SD during storage at 7°C, 25°C and 45°C  
 
 
 
Figure 3.7 Total flavor retention in ISO MET during storage at 7°C, 25°C and 45°C  
 
 
 Time/month 
 Time/month 
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Figure 3.8 Total flavor retention in ECJ MET during storage at 7°C, 25°C and 45°C  
 
3.4.1.2 Results of oxidative degradation indicated by benzoic acid formed 
 
Oxidative degradation level was indicated by total benzoic acid formed during storage (as 
in change in total percent benzoic acid).  Efforts were made to consider the initial variation 
in total percent benzoic acid present among the three flavor matrices prior to storage (SD 
vs. METs). 
 
Based on Figure 3.10 and Table 3.10, the overall total benzoic acid present in the SD was 
higher than in both of the MET flavors (p<0.0001), which was mainly caused by the initial 
variation of total benzoic acid prior to storage that the SD had a higher initial amount of 
total benzoic acid than either of the MET flavors.  During the MET making process, the SD 
was mixed with the MET materials, thus causing a dilution effect and resulting in a lower 
amount of benzoic acid after production. The overall mean oxidation levels, as in total 
percent benzoic acid over time, for all three flavors during storage are presented in Table 
3.10.  The oxidation level (as in amount of total benzoic acid formed during storage) was 
much less compared to the benzaldehyde loss (Figure 3.9) for all three flavors.  The amount 
of benzaldehyde was minimal for SD and did not change much for MET flavors (Figure 3.10, 
 Time/month 
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3.11 and Table 3.11), indicating that oxidative degradation was not the main source of 
flavor loss under the storage condition used in the present study. Instead, flavor loss might 
be due mainly to volatilization of benzaldehyde, if no other major chemical degradations 
occurred.  
 
Even though oxidative degradation was not the main contributor to the flavor loss of 
benzaldehyde, MET flavors did appear to experience less oxidation (Table 3.11, 3.12) as in 
lower amount of benzoic acid formed (p≤0.001) during storage, and they had smaller 
variations compared to the SD (Figure 3.11).  This indicated a protective effect of the glassy 
structure of MET flavors thru control of oxygen permeability. Pair-wise comparisons of 
oxidation levels among the flavor matrices at each storage temperature are shown in Table 
3.13. The results demonstrate that ECJ MET and ISO MET underwent less oxidation at all 
three storage temperatures than the SD (p<0.0001). So, MET flavors had higher stability 
towards oxidative degradation.  Between ECJ MET and ISO MET, the ECJ MET had higher 
stability as in lower oxidation level than the ISO MET at 7°C (p<0.01) and no difference in 
oxidation was found between the two MET flavors either at 25°C or at 45°C.  
 
Figure 3.9 Comparison between mean flavor loss (decline in percent benzaldehyde), and mean oxidation (as increase in 
percent benzoic acid) for all flavors a function of storage at 7°C, 25°C and 45°C 
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Figure 3.10 Total percent benzoic acid in the three flavors as a function of storage at 7°C, 25°C and 45°C  
 
Table 3.10 Total percent benzoic acid in three flavors 
Sample  Overall Mean Oxidation± Standard Error 
ECJ 0.007a ±0.0001 
ISO 0.007a ±0.0001  
SD  0.012b ±0.0001 
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
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Figure 3.11 Mean oxidation level as increase in percent benzoic acid in three flavors as a function of storage at 7°C, 25°C and 
45°C 
Table 3.11 Mean oxidation (as increase in percent benzoic acid) of three flavors during storage 
Sample  Overall Mean Oxidation± Standard Error 
ECJ 0.0013 a ±0.00011  
ISO 0.0016 a ±0.00011  
SD  0.0021 b ±0.00011  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
Table 3.12 Comparison of mean oxidation level among three samples  
Comparison Pair Overall Mean Difference*± 
Standard Error 
P-value 
Tukey Adjusted 
ISO vs. ECJ 0.00030 ±0.000154 0.0563
** 
SD vs.  ECJ 0.00081 ±0.000154 <.0001 
SD vs.  ISO 0.00052 ±0.000154 0.001 
SD vs. Avg MET 0.00067 ±0.000133 <.0001 
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*: Positive mean differences indicate that flavor1 (right) had higher oxidation than flavor2 (left) within the 
comparison pair. 
**: p>0.05, indicating there is no difference in oxidation level between ISO MET and ECJ MET. 
 
Table 3.13 Comparison of amount of mean oxidation level among three flavor matrices at each storage temperature 
Temperature/ºC Comparison Pair Overall Mean Difference*± 
Standard Error 
P-value  
Tukey Adjusted 
7 
 
ISO vs. ECJ 0.0008± 0.00027 0.0042 
SD vs.  ECJ 0.0032± 0.00027 <.0001 
SD vs.  ISO 0.0024 ± 0.00027 <.0001 
25 ISO vs. ECJ -0.00018± 0.00027 0.6316
** 
SD vs.  ECJ 0.0068± 0.00027 <.0001 
SD vs.  ISO 0.0069± 0.00027 <.0001 
45 ISO vs. ECJ -0.0001± 0.00027 0.7024
** 
SD vs.  ECJ 0.0070± 0.00027 <.0001 
SD vs.  ISO 0.0071± 0.00027 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had higher oxidation than flavor 2 (left) within the 
comparison pair. 
**: p>0.05, indicating there is no difference in oxidation level between ISO EMT and ECJ MET at both 25ºC and 
45ºC. 
 
 
By comparing the overall oxidation level at each storage temperature (Table 3.14), there 
was no significant difference between 25°C and 45°C. However, samples stored at 7°C 
appeared to experience overall higher oxidation than at the other two temperatures, which 
should come from averaging those outliers showing the unexpected boost in benzoic acid 
formation in both MET flavors after the 1st month (Figure 3.13 and 3.14).  Within each 
flavor matrix, their oxidation differences at all three temperatures are present in Table 
3.15. For both MET flavors, if the outliers in the 1st month are taken into consideration, 
there should be no significant difference in oxidation levels among all three temperatures 
for both MET flavors, and the glassy matrix of MET flavor might eliminate the effect of 
temperature on oxidation of samples thru control of oxygen permeability. For the SD, 
however, samples stored at 25°C and 45°C had significant higher oxidation than those 
stored at 7°C (p<0.01) but no significant difference was found between 25°C and 45°C.  
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Therefore, without the protection of MET glass, oxidation of SD could be reduced by 
applying lower storage temperatures, while MET flavors provided enough protection 
against oxidation of benzaldehyde under all storage temperatures.  
 
Table 3.14 Comparison of overall combined mean oxidation levels at each storage temperature 
Temperature/ºC Overall Mean Oxidation*± Standard Error 
7 0.0028 
a ±0.00011  
25 0.0010
 b ±0.00011  
45 0.0011 
b ±0.00011  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
Table 3.15 Comparison of amount of mean oxidation level within each flavor at three storage temperature 
Flavor Matrix Temperature/ºC 
Comparison Pair 
Overall Mean Difference*± 
Standard Error 
P-value  
Tukey Adjusted 
ECJ 25 vs. 7 -0.0027
***± 0.00027 <.0001 
45 vs. 7 -0.0026
***± 0.00027 <.0001 
45 vs. 25 0.0001± 0.00027 0.7162
** 
ISO 25 vs. 7 -0.0036
***± 0.00027 <.0001 
45 vs. 7 -0.0035
***± 0.00027 <.0001 
45 vs. 25 0.0001 ± 0.00027 0.6448
** 
SD 25 vs. 7 0.0009± 0.00027 0.0014 
45 vs. 7 0.0012± 0.00027 <.0001 
45 vs. 25 0.0003± 0.00027 0.2881
** 
*: Positive mean differences indicate that flavor 1 (right) had higher oxidation than flavor 2 (left) within the 
comparison pair. 
**: p>0.05, indicating there is no difference in oxidation level between 45ºC and 25ºC for all three flavors. 
***: For both MET flavors, unexpected large increase in benzoic acid formed after 1st month (Figure 3.13 and 3.14) 
results in overall negative mean differences for comparisons of 7ºC vs. 25ºC and 7ºC vs. 45ºC. 
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Figure 3.12 Oxidation in the SD during storage at 7°C, 25°C and 45°C  
 
 
 
Figure 3.13 Oxidation in the ISO MET during storage at 7°C, 25°C and 45°C  
 Time/month 
 Time/month 
 
 
67 
 
 
 
Figure 3.14 Oxidation in ECJ MET during storage at 7°C, 25°C and 45°C  
3.4.1.3 Surface oil results 
 
Surface benzaldehyde 
For surface benzaldehyde, the regression model applied to the data is presented below as: 
ijkljkikkjiijkl CTVTTCVy  
 
Definitions for all terms in the model can be found in section 3.3.3.3. Based on the above 
model, VC and VCT interaction terms can be removed because they are non significant, 
which suggests that the impact from sample matrix on surface benzaldehyde was negligible 
at different storage temperatures.  
 
Surface benzaldehyde 
According to Figure3.15 and Tables 3.16 and 3.17, the SD had the highest overall surface 
benzaldehyde gain among the three flavors, while no difference in surface benzaldehyde 
was found between ECJ MET and ISO MET. Also, SD had a higher initial level of surface 
benzaldehyde than both MET flavors, which could be explained by the extra protection 
provided by the MET glass, in which the benzaldehyde on the SD surface was captured 
within the MET glass. 
 Time/month 
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Figure 3.15 Distribution of percent surface benzaldehyde in three flavors during storage at 7°C, 25°C and 45°C 
 
Table 3.16 Overall mean percent surface benzaldehyde for the three flavors 
Sample  Overall Mean Percent Surface Benzaldehyde ± Standard Error 
ECJ 0.015 b ±0.0031  
ISO 0.010 b ±0.0031  
SD  0.084 a ±0.0031  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
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Table 3.17 Comparison of amount of mean percent surface benzaldehyde in three samples as in total benzaldehyde (%) 
Comparison Pair Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
ISO vs. ECJ -0.005 ±0.0044 0.2875** 
SD vs.  ECJ 0.070±0.0044 <.0001 
SD vs.  ISO 0.074±0.0044 <.0001 
SD vs. Avg MET 0.072±0.0038 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had higher surface oil than flavor 2 (left) within the 
comparison pair. 
** p>0.05, indicating there is no difference of percent surface benzaldehyde between ISO MET and ECJ MET. 
 
Surface benzaldehyde change 
 
SD had the highest overall surface benzaldehyde gain among the three flavors, indicating 
that a certain amount of the encapsulated benzaldehyde might migrate to the surface thru 
diffusion and the MET glass minimizes this diffusion thru protection by the dense structure. 
The ECJ MET had the lowest surface benzaldehyde gain, thus highest stability on 
controlling benzaldehyde diffusion which agrees with the previous finding in flavor loss 
section that the ECJ MET had the least total flavor loss of benzaldehyde.  
Table 3.18 Overall mean percent change in surface benzaldehydein three flavors  
Sample  Overall Mean Percent Change In Surface Benzaldehyde ± Standard Error 
ECJ -0.007 c ±0.0031  
ISO 0.006 b±0.0031  
SD  0.041 a±0.0031  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
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Figure 3.16 Distribution of percent change in surface benzaldehyde in three flavors during storage at 7°C, 25°C and 45°C 
 
Table 3.19 Comparison of mean change in surface benzaldehyde in the three flavors 
Comparison Pair Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
ISO vs. ECJ 0.013±0.0044 0.0032 
SD vs.  ECJ 0.048±0.0044 <.0001 
SD vs.  ISO 0.034±0.0044 <.0001 
SD vs. Avg MET 0.041±0.0038 <.0001 
*: Positive mean differences indicate that flavor 1 (right) had higher surface benzaldehyde than flavor 2 (left) within 
the comparison pair. 
 
Flavors under higher storage temperatures (25°C and 45°C) showed lower surface 
benzaldehyde gain than those stored at 7°C (p<0.0001), indicating that higher storage 
temperatures may stimulate the loss of surface benzaldehyde thru either volatilization or 
oxidation.  
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Table 3.20 Comparison of overall mean percent change in surface benzaldehyde at each storage temperature 
Temperature/ºC Overall Mean Percent Change In Surface Benzaldehyde* ± Standard Error 
7 0.024
 a ±0.0031  
25 0.010
 b ±0.0031  
45 0.006
 b ±0.0031  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
 
In the regression model for percent change in surface benzaldehyde for all flavor data, the p-
value of the temperature term C was 0.0661 (>0.05), which indicated that the temperature factor 
did not have a significant impact on percent change in surface benzaldehyde. 
 
Surface benzaldehyde change in SD 
 
For the SD (Table 3.21 and Figure 3.17) stored at the higher storage temperature of 45°C 
experienced a lower surface benzaldehyde gain than at 7°C, indicating that higher 
temperatures may cause a loss of surface benzaldehyde thru either evaporation or 
oxidative degradation. 
 
Table 3.21 Comparison of mean percent change in surface benzaldehyde in SD at each storage temperature 
Temperature/ºC Overall Mean Percent Change In Surface Benzaldehyde*± Standard Error 
7 0.056 
a±0.0087 
25 0.038
 ab ±0.0087  
45 0.027
 b
 ±0.0087  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
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Figure 3.17 Percent change in surface benzaldehyde in SD during storage at 7°C, 25°C and 45°C  
 
Surface benzaldehyde change in ISO MET  
 
In the regression model for surface benzaldehyde gain in the ISO MET, none of the terms was 
significant (p>0.05), which indicates that neither temperature nor time factors had a significant 
impact on gain in surface benzaldehyde. 
 
For ISO MET (Table 3.22and Figure 3.18), no difference of surface benzaldehyde gain was 
found among three storage temperatures, because MET glass structure may minimize the 
temperature effect on loss of surface benzaldehyde thru controlling diffusion of 
encapsulated benzaldehyde. 
 
Table 3.22 Comparison of mean percent change in surface benzaldehyde in the ISO MET at each storage temperature 
Temperature/ºC Overall Mean Percent Change In Surface Benzaldehyde *± Standard Error 
7 0.011
 a ±0.0032  
25 0.0018
 a ±0.0032  
45 0.0054
 a ±0.0032  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 Time/month 
 
 
73 
 
 
 
Figure 3.18 Percent change in surface benzaldehyde in the ISO MET during storage at 7°C, 25°C and 45°C  
Surface benzaldehyde change in the ECJ MET  
 
In the regression model for the percent change in surface benzaldehyde of the ECJ MET, all 
terms were significant at p<0.0001, which indicates that temperature factor had a significant 
impact on surface benzaldehyde gain. 
 
For the ECJ MET (Table 3.23and Figure 3.19), product stored at higher storage 
temperatures (45°C and 25°C) had lower surface benzaldehyde gain than at 7°C, indicating 
that higher temperatures may cause the loss of surface benzaldehyde thru either 
evaporation or oxidative degradation. 
Table 3.23 Comparison of overall mean percent change in surface benzaldehyde in ECJ MET at each storage temperature 
Temperature/ºC Overall Mean Percent Change In Surface Benzaldehyde *± Standard Error 
7 0.005
 a ±0.0021  
25 -0.011
 b ±0.0021  
45 -0.016
 b ±0.0021  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
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Figure 3.19 Percent change in surface benzaldehyde in the ECJ MET during storage at 7°C, 25°C and 45°C  
 
Surface benzoic acid 
 
For surface benzoic acid change, the regression model applied to the data is presented 
below as: 
ijklijkijkjiijkl VCTVCTCVy     
Definitions for all terms in the model can be found in section 3.3.3.3.
 
Factors, V & C, did not 
have significant impact on surface benzoic acid content (both p>0.05), but VC interaction 
was significant which indicates that sample matrix impacts the surface benzoic acid 
content differently at different storage temperature. VCT interaction term was not 
significant, so that the sample matrix’s impact on surface benzoic acid content didn’t 
behave differently at different storage temperature. Based on Figure 3.20, Table 3.24 and 
3.25, there was no significant difference of overall surface benzoic acid found among three 
flavor sample matrixes. 
 
 
Surface benzoic acid 
 
 Time/month 
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Figure 3.20 Distribution of percent surface benzoic acid in the three flavors during storage at 7°C, 25°C and 45°C 
 
 Table 3.24 Overall mean percent surface benzoic acid in the three flavors 
Sample  Overall Mean Percent Surface Benzoic Acid± Standard Error 
ECJ 0.0053 a ±0.00006  
ISO 0.0053 a ±0.00006  
SD  0.0054 a ±0.00006  
*: Values with different superscript letters indicate they are statistically different at p<0.05. 
 
Table 3.25 Comparison of amount of mean percent surface benzoic acid among the three flavors 
Comparison Pair Overall Mean Difference±  
Standard Error 
P-value* 
Tukey Adjusted 
ISO vs. ECJ 0.00001±0.00009 0.8724 
SD vs.  ECJ 0.00008±0.00009 0.3911 
SD vs.  ISO 0.00006±0.00009 0.4854 
SD vs. Avg MET 0.00007±0.00008 0.3694 
*: P-values are >> 0.05, indicating no significant difference among the comparison pairs. 
ECJ MET ISO MET SD 
7˚C       
0-6m 
25˚C       
0-6m 
 
45˚C       
0-6m 
 
7˚C       
0-6m 
 
7˚C       
0-6m 
 
25˚C       
0-6m 
 
25˚C       
0-6m 
 
45˚C       
0-6m 
 
45˚C       
0-6m 
 
 
Treatment combination of Flavor*Temp*Time 
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Surface benzoic acid change 
 
Based on Figure 3.21, and Tables 3.26 and 3.27, no differences were found in overall 
surface oxidation, as in benzoic acid gain, among the three flavor matrices, indicating no 
difference in surface oxidation. The higher initial surface benzaldehyde of the SD and 
higher diffusion of encapsulated benzaldehyde to the surface of the SD evaporates, thus 
leaving no significant amount of benzaldehyde on the surface to participate in surface 
oxidation; and therefore no significant difference in benzoic acid gain was found between 
SD and MET flavors.  According to Table 3.28, no difference in surface benzoic acid gain was 
found among the three storage temperatures, indicating higher temperatures in this study 
do not induce significantly higher surface oxidation because benzoic acid is not very 
volatile (it should remain on the surface once formed).  
 
 
  
Figure 3.21 Distribution of surface oxidation as percent gain in surface benzoic acid in the three flavors  during storage 7°C, 
25°C and 45°C 
 
 
ECJ MET ISO MET SD 
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6m 
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-6m 
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0-6m 
7˚C0-
6m 
7˚C            
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Table 3.26 Overall mean surface oxidation in the three flavor matrices  
Sample  Overall Mean Surface Oxidation ± Standard Error 
ECJ -0.00705 a ±0.000063  
ISO -0.00006 a ±0.000063  
SD  0.00005 a ±0.000063  
*: Values with different superscript letters indicate they are statistically different at p<0.05. 
 
Table 3.27 Comparison of amount of mean surface oxidation in the three flavor matrices 
Comparison Pair Overall Mean Difference±  
Standard Error 
P-value* 
Tukey Adjusted 
ISO vs. ECJ -0.00014±0.00009 0.1243 
SD vs.  ECJ -0.00002±0.00009 0.8157 
SD vs.  ISO 0.00012±0.00009 0.1913 
SD vs. Avg MET 0.00005±0.00008 0.5340 
*: P-values are >> 0.05, indicating no significant difference among the comparison pairs. 
 
Table 3.28 Comparison of overall mean surface oxidation at each storage temperature 
Temperature/ºC Overall Mean Surface Oxidation *± Standard Error 
7 -0.00002
 a ±0.000063  
25 0.00002
 a ±0.000063 
45 0.00006
 a ±0.000063 
*: Values with different superscript letters indicate they are statistically different at p<0.05. 
 
 
Surface benzoic acid change in SD  
 
Based on Table 3.29 and Figure 3.22 for the SD, higher storage temperatures (25°C and 
45°C) have higher the surface benzoic acid, indicating higher temperatures stimulate 
surface oxidation. However, 25°C had higher surface benzoic acid gain than 45°C. It is 
probably because that volatilization of surface benzaldehyde at 45°C dominated the loss of 
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surface benzaldehyde, rather than thru oxidation, and less benzaldehyde was left at the 
surface under 45°C than 25°C, therefore less surface benzoic acid gain than 25°C. 
 
Table 3.29 Comparison of overall mean surface oxidation in SD at each storage temperature 
Temperature/ºC Overall Mean Surface Oxidation *± Standard Error 
7 -0.00030
 c ±0.000072  
25 0.00049
 a ±0.000072  
45 -0.00002
 b ±0.000072  
*: Values with different superscript letters indicate they are statistically different at p<0.05. 
 
 
 
Figure 3.22 Surface oxidation in SD during storage at 7°C, 25°C and 45°C  
 
 
Surface benzoic acid change in the ISO MET  
 
Based on Table 3.30 and Figure 3.23 for the ISO MET flavor matrix, higher temperatures, 
25°C and 45°C, had lower surface benzoic acid, indicating evaporation of surface 
 Time/month 
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benzaldehyde at higher temperatures dominated the loss of surface benzaldehyde, rather 
than thru oxidation. Therefore, less benzaldehyde was left at the surface for samples stored 
at 45°C and 5°C than at 7°C , and less surface benzoic acid gain than 7°C. 
 
Table 3.30 Comparison of overall mean surface oxidation in ISO MET at each storage temperature 
Temperature/ºC Overall Mean Surface Oxidation*± Standard Error 
7 0.00031
 a ±0.00011  
25 -0.00027
 b ±0.00011  
45 -0.00023
 b ±0.00011  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
 
Figure 3.23 Surface oxidation in the ISO MET at 7°C, 25°C and 45°C  
 
Surface benzoic acid change in the ECJ MET  
 
Based on Table 3.31 and Figure 3.24 for the ECJ MET, samples stored at 45°C had higher 
surface benzoic acid gain than those stored at 25°C and 7°C, indicating higher surface 
oxidation of the ECJ MET at 45°C.  
 
 Time/month 
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Table 3.31 Comparison of overall mean surface oxidation in the ECJ MET at each storage temperature 
Temperature/ºC Overall Mean Surface Oxidation *± Standard Error 
7 -0.00006
 a ±0.000138  
25 -0.00015
 a ±0.000138  
45 0.00044
 b ± a0.000138  
*: Values with different superscript letters indicate they are statistically different at p<0.0001. 
 
 
Figure 3.24 Surface oxidation in the ECJ MET during storage at 7°C, 25°C and 45°C  
 
3.4.1.4 Results of other possible volatile degradation compounds from benzaldehyde 
 
No appreciable size peaks corresponding to degradation compounds other than benzoic 
acid were found thru the extraction and GC-MS procedures (Figure 3.25 and 3.26), which 
indicated no other possible volatile degradation compounds were present. The butylated 
hydroxytoluene (BHT) peak came from the BHT added into ether during initial extraction 
as an antioxidant. Based on the finding that neither oxidation nor other degradation 
mechanisms could account for the major loss of benzaldehyde, it is very likely that the main 
mechanism for flavor loss might be due to volatilization of benzaldehyde. 
 Time/month 
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Figure 3.25 GC-FID result of SD at 45°C after 6month to test all possible break-down compounds from benzaldehyde 
 
 
Figure 3.26 GC-MS chromatogram of SD at 45°C after 6month on RTXWAX to test possible benzaldehyde polymers (only scan 
ions >111, M.W. of d5-benzaldehyde)  
Peak of benzaldehyde/ 
d5-benzaldehyde  
Peak of BHT Peak of benzoic acid/ 
d5-benzoic acid  
Unknown high  
MW volatiles  
Peak of BHT Peak of benzoic acid/ 
d5-benzoic acid  
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3.4.2 DSC results of MET flavors 
 
Because the SD did not apply extrusion process with low molecular weight carbohydrates 
to make a dense glass structure to for encapsulated flavor and also did not show obvious 
glass transition within the DSC scanning range up to 200°C (Figure 3.27), causing 
difficulties to analyze Tg for SD, comparing physical stabilities of sample matrices was only 
conducted on the two MET flavors.  
 
Figure 3.27 DSC graph of SD at 0 month to show no obvious glass transition occurred 
 
3.4.2.1 Glass transition temperature (Tg) 
 
The glassy matrix of ECJ MET exhibited higher physical stability than that of ISO MET, 
indicated by its average Tg of  about 7°C ~18°C greater than the ISO MET Tg (Figure 3.30, 
3.31 and Table 3.33, 3.35). The result suggested that ECJ MET, stored at a temperature with 
a large difference from its Tg, provided the highest flavor stability. Based on Table 3.32, 
positive enthalpy values for both MET flavor samples at month 0 prior to storage indicate 
incomplete melting condition during MET flavor making process and there is certain 
amount of crystalline materials left among the amorphous glass structure. For ISO MET, 
because of the short processing time during melting process, crystalline ISO did not have 
sufficient time for complete melting. For ECJ MET, it had almost as half enthalpy as its pure 
crystalline material and indicated the condition of highly insufficient melting, because the 
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heating temperature (165.6°C) during MET making process was set below the Tm of ECJ 
MET (168.32°C) to minimize loss of benzaldehyde flavor and to provide consistency with 
the heating condition used for making ISO MET. Also according to Table 3.32, ECJ MET had 
a lower Tm than pure crystalline ECJ, 168.32°C vs. 187.39 °C, which resulted from the 
brown rice syrup added during the ECJ MET making process. Low molecular weight 
compounds in brown rice syrup, such as simple saccharides and water, acted as plasticizer 
to lower Tm of crystalline ECJ. According to Table 3.33, Tg of ISO MET was lower than its 
literature value and could be explained by the incomplete melting condition discussed 
previously and the slow cooling condition under ambient environment. 
 
Tg of ECJ MET was much lower than its literature value and could be explained by the MET 
flavor processing conditions: 1) incomplete melting, 2) slow cooling condition under 
ambient environment, and 3) plasticizer effect from added brown rice syrup.  During the 
entire storage time, visually perceptible caking phenomenon of flavor particles was found 
only in ISO MET at 45°C, starting during the 2nd month (Figure 3.28 vs. Figure 3.29). The 
caking indicated structural change occurring in the ISO MET glass, which later was 
confirmed with the surface morphology result from SEM that there was bridge formation (a 
common indicator of caking phenomenon) between ISO MET particles at 45°C after the 1st 
month. The caking probably could accelerate flavor loss, which could be observed in Figure 
3.3 that the slope of the flavor loss increased after month 2. 
 
Table 3.32 Melting parameters (Tm onset, Tm peak, and ΔH) of ISO MET and ECJ MET at month 0, crystalline ISO and ECJ and 
their literature Tm at certain DSC heating rate 
Material  Heating rate  
(ºC/min)  
Melting temp (ºC) 
Tm onset                 Tm peak       
Enthalpy  
(ΔH, J/g) 
Analytical 
technique 
Literature Tm 
onset (ºC) in 
literatures  
ISO MET  10 122.56  ± 1.155 142.29 ± 0.133 6.21 c ± 0.156 DSC  N/A 
ECJ MET 10 133.62  ± 1.690 168.32e ± 0.253 52.22 d ± 1.699 DSC  N/A 
Crystalline ISO 10  109.09  ± 0.771 145.20 ± 0.242 120.43 ± 0.306 DSC  142 a 
Crystalline ECJ  10 171.08  ± 0.530 187.39f ± 0.470 124.17 ± 0.058 DSC  
165-192 for 
sucrose b 
a: Cammenga 1996,  
b: Lee 2011.  
c&d: Positive enthalpy values for both MET flavors indicate incomplete melting condition during MET flavor making process. 
e&f: ECJ MET had a lower Tm than pure crystalline ECJ, 168.32ºC vs. 187.39 ºC. 
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Table 3.33 Glass transition parameters (Tg onset, Tg half-height, and ΔCp) of ISO MET and ECJ MET at month 0 and their 
literatures Tg at certain heating rate 
Material  Heating rate  
(ºC/min)  
Glass transition temp. (ºC) 
Tg onset                  Tg half-height 
ΔCp  
J/(g. ºC)  
Analytical 
technique  
Literature Tg (ºC) 
ISO  MET flavor 10  49.55 ± 0.406 50.27 ± 0.331 a 0.864 ± 0.178 DSC  59.5 ±0.7 c   
ECJ MET flavor 10 54.21 ± 0.257 57.39 ± 0.264 b 0.312 ± 0.049 DSC  
70 d/ 70.9d ,  
64.05 e ± 1.38 Tg 
onset, 69.83 e ± 0.51 
Tg mid, for sucrose 
a: Tg of ISO MET was lower than its literature value. 
b:Tg of ECJ MET was much lower than its literature value. 
c: Cammenga, 1996 
d: Frank, 2007  
e: Lee, 2011 in print 
 
                 
Figure 3.28 Flavor samples taken at the end of the 1st 
month, ISO MET at 45°C circled in red dashed circle (Top 
to bottom: 7°C, 25°C and 45°C; left to right: SD, ISO MET, 
ECJ MET) 
Figure 3.29 Flavor samples taken at the end of the 2nd 
month, ISO MET at 45°C circled in red dashed circle (Top 
to bottom: 7°C, 25°C and 45°C; left to right: SD, ISO MET, 
ECJ MET) 
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Figure 3.30 Distribution of glass transition temperatures (Tg) in ECJ MET and ISO MET during storage at 7°C, 25°C and 45°C 
 
 
 
Figure 3.31 Comparison of combined glass transition temperatures (Tg) distribution in ECJ MET and ISO MET  
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Table 3.34 Overall mean glass transition temperatures (Tg) of ECJ MET and ISO MET  
Temperature/ºC Overall Mean Tg/°C*± Standard Error 
ECJ 59.19
 a ±0.134  
ISO 47.66
 b ±0.134  
*Those different letters assigned to mean Tg indicate they are statistically different at p<0.0001. 
 
Table 3.35 Comparison of mean Tg between ECJ MET and ISO MET at each storage temperature  
Comparison Pair Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
7°C ECJ vs. 7°C ISO 7.85±0.347 <.0001 
25°C ECJ vs. 25°C ISO 8.39±0.347 <.0001 
45°C ECJ vs. 45°C ISO 18.33±0.347 <.0001 
*: Positive mean difference value indicates sample 1 has higher Tg than sample 2 within the comparison pair. 
 
After the 2nd month at 45°C till the end of 6 month storage time, even though the Tg of the 
ECJ MET still maintained higher than the Tg of the ECJ MET at 25°C and 7°C (Figure 3.32 
and Table 3.36), it fluctuated by a first increase, then a decrease and a coming back in the 
end. 
Table 3.36 Comparison of mean Tg in ECJ MET at each storage temperature 
Temperature/ºC Overall Mean Tg/°C*± Standard Error 
7 56.92 b ±0.245  
25 57.64
 b
 ±0.245  
45 63.00 
a ±0.245  
*: The same letter assigned to mean Tg indicate they are not statistically different (p>0.05). Those different letters 
assigned to mean Tg indicate they are statistically different at p<0.0001. 
 
Table 3.37 Comparison of mean Tg of ECJ MET from 0 month and 1 month at 45°C 
Storage Time Overall Mean Difference in Tg/°C *± Standard Error 
0 month vs. 1month -8.22±0.918
 
* Mean Tg of ECJ MET at 45°C from 0 month is significantly different from and lower than that of 1month at 
p<0.0001. 
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Figure 3.32 Glass transition temperatures (Tg) in ECJ MET overtime at 7°C, 25°C and 45°C 
Table 3.38 Comparison of mean Tg in ISO MET at each storage temperature 
Temperature/ºC Overall Mean Tg/°C*± Standard Error 
7 49.07
 a ±0.219  
25 49.25
 a ±0.219  
45 44.67
 b ±0.219  
*: The same letter assigned to mean Tg indicate they are not statistically different ( p>0.05). Those different letters 
assigned to mean Tg indicate they are statistically different at p<0.0001. 
 
Table 3.39 Comparison of mean Tg of ISO MET from 0 month and 1 month at 45°C 
Storage Time  Overall Mean Difference in Tg/°C *± Standard Error 
0 month vs. 1month 6.06±0.819
 
* Mean Tg of ISO MET flavor at 45°C from 0 month is significantly different from and higher than that of 1month 
at p<0.0001. 
  
 Time/month 
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Figure 3.33 Glass transition temperatures (Tg) in ISO MET overtime at 7°C, 25°C and 45°C  
3.4.2.2 Crystalline content and re-crystallization 
 
ECJ MET had much higher initial percent crystalline content than ISO MET due to 
incomplete melting during MET making process (Figure 3.34, 3.35 and Table 3.40).  
 Time/month 
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Figure 3.34 Distribution of percent crystalline content in ECJ MET and ISO MET overtime at 7°C, 25°C and 45°C 
 
 
 
Figure 3.35 Comparison of combined percent crystalline content distribution in ECJ MET and ISO MET 
 
ECJ MET ISO MET 
25˚C 0-6m 45˚C 0-6m 7˚C 0-6m 
 
25˚C 0-6m 45˚C 0-6m 7˚C 0-6m 
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Table 3.40 Overall mean percent crystalline content of ISO MET and ECJ MET 
Temperature/ºC Overall Mean Percent Crystalline Content*± Standard Error 
ECJ 42.89 
a ±0.206  
ISO 7.03 
b ±0.206  
*Those different letters assigned to mean crystalline content indicate they are statistically different at p<0.0001. 
 
 
Table 3.41 Comparison of mean percent crystalline content between ECJ MET and ISO MET at each storage temperature  
Comparison Pair Overall Mean Difference*±  
Standard Error 
P-value 
Tukey Adjusted 
7°C ECJ vs. 7°C ISO 38.05 ±0.504 <.0001 
25°C ECJ vs. 25°C ISO 36.69±0.504 <.0001 
45°C ECJ vs. 45°C ISO 32.86±0.504 <.0001 
*: Positive mean difference value indicates sample 1 has higher crystalline content than sample 2 within the 
comparison pair. 
 
There was no difference in percent crystalline content in ECJ MET among the three storage 
temperatures and no perceptible increase in crystalline content during storage (Figure 
3.36 and Table 3.42). This indicated that ECJ MET went thru minimal re-crystallization 
during storage. 
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Figure 3.36 Percent crystalline content in ECJ MET overtime at 7°C, 25°C and 45°C 
 
Table 3.42 Comparison of mean percent crystalline content in ECJ MET at each storage temperature 
Temperature/ºC Overall Mean Percent Crystalline Content*± Standard Error 
7 43.65
 a ±0.494  
25 42.22
 a ±0.494  
45 42.82
 a ±0.494  
*: The same letter assigned to mean of mean crystalline content indicate they are not statistically different (p>0.05). 
Those different letters assigned to mean Tg indicate they are statistically different at p<0.0001. 
 
Percent crystalline content of ISO MET was much higher at 45°C than at both 25°C and 7°C 
at p<0.0001 (Figure 3.37 and Table 3.43), indicating that high level of re-crystallization 
structure transformation occurred  in ISO MET at 45°C. Therefore, ISO MET did not exhibit 
desirable physical stability of its glassy matrix, in terms of re-crystallization. There was no 
significant difference between 25°C and 7°C (p>0.05, Table 3.43). Through comparing 
mean percent crystalline content from 3 month to 6 month in ISO MET at 45°C (Table 3.44), 
percent crystalline content had significant increase during the 4th month with a significant 
increase during the 5th month, but decreased during the 6th month. During this time, Tg of 
ISO MET was already very close to or even below the storage temperature 45°C (Figure 
3.33) after the glass transition, so that the re-crystallization might originate from the 
 Time/month 
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structural transformation in the ISO MET. Based on Table 3.44, positive mean difference in 
percent crystalline (ISO MET at 45°C) indicates re-crystallization occurred as in increased 
percent crystalline. Negative mean difference in percent crystalline (ISO MET at 45°C) 
indicates percent crystalline decreased. So, from the 3rd month to 6th month, percent 
crystalline of ISO MET first increased and then decrease after the 5th month. The re-
crystallization structure transformation starting in 4m could first promote flavor loss thru 
structure collapse then flavor release, but then maintain flavor stability after re-
crystallization decreased due to the formed dense crystalline structure. 
 
 
Figure 3.37 Percent crystalline content in ISO MET overtime at 7°C, 25°C and 45°C 
 
Table 3.43 Comparison of mean percent crystalline content in ISO MET at each storage temperature 
Temperature/ºC Overall Mean Percent Crystalline Content*± Standard Error 
7 5.59 b ±0.101 
25 5.53 
b ±0.101  
45 7.03 
a ±0.101 
*: The same letter assigned to mean of mean crystalline content indicate they are not statistically different (p>0.05). 
Those different letters assigned to mean Tg indicate they are statistically different at p<0.0001. 
 
 Time/month 
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Table 3.44 Comparison of mean percent crystalline content of ISO MET from 3 month to 6 month at 45°C 
Storage Time Comparison Overall Mean Percent Difference in 
Crystalline Content*± Standard Error 
p-value 
4 month vs. 3 month 1.64±0.377 <.0001 
5 month vs. 4 month 4.25±0.377 <.0001 
6 month vs. 5 month -4.90±0.377 <.0001 
* Positive mean difference in crystalline (isomalt MET flavor at 45°C) indicates re-crystallization occurs as in 
increased crystalline %. Negative mean difference in crystalline% (isomalt MET flavor at 45°C) indicates crystalline 
% decreases.  
 
3.4.2.3 Physical aging and possible imperfect re-crystallization 
 
ECJ MET at 7°C samples did not exhibit any perceptible physical aging during storage 
(Figure 3.38). At 45°C and 25°C, ECJ MET did experience minor physical aging (Figure 
3.39and 3.340), from no physical aging peak at all in the beginning to some level. After the 
1st month at 45°C, while Tg increased by around 10°C (Figure 3.32), ECJ MET at 45°C 
started to exhibit a very small amount of physical aging. The increasing trend of Tg during 
aging agreed with previous literature results but not in a such large scale of increase 
(Thomas 2004, Ubbink 2009) that, when storage temperature is well below Tg, any 
enthalpy relaxation occurring tends to increase calorimetric Tg of the glassy matrix. After 
the 2nd month at 45°C till the end of 6 month storage time, even though the Tg of ECJ MET 
still maintained higher than the Tg of ECJ MET at 25°C and 7°C (Figure 3.32 and Table 36), 
it fluctuated, which indicated that the physical aging altered the initial glass structure and 
provided an overall higher Tg while lack of consistency to maintain a similar Tg. During the 
Tg fluctuation in ECJ MET at 45°C, after Tg increased again after the 4th month, physical 
aging peak startd to become unobvious/ fade away (Figure 3.41). To determine whether 
physical aging would reappear in the ECJ MET, further investigation with a longer storage 
time of ECJ MET at 45°C may be needed. 
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Figure 3.38 DSC combined graph to show no physical aging in ECJ MET flavor at 7°C overtime  
 
 
 
 
Figure 3.39 DSC combined graph to show minor physical aging for ECJ MET from 0m and 1m at 45°C  
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Figure 3.40 DSC combined graph to show minor physical aging for ECJ MET from 0m and 1m at 25°C  
 
Figure 3.41 DSC combined graph to show disappearance of physical aging for ECJ MET from 4m to 6m at 45°C  
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However, the physical aging peaks from ECJ MET flavor were much smaller when 
compared with the peaks of ISO MET flavor at all three temperatures (Figure 3.42), and ISO 
MET flavor already appeared to have physical aging prior to storage. 
 
Figure 3.42 DSC combined graph of ECJ MET and ISO MET from 0 month and 1st month at all storage temperatures to 
compare their physical aging level  
 
During the 1st month at 45°C, when Tg of ISO MET dropped to approximately 45°C 
(Figure3.33) so glass transition might occur, the size of physical aging began to increase 
(Figure 3.43) and the relaxation peak temperature seemed to shift towards the direction of 
lower temperatures after 0 month (Figure 3.42). After Tg of ISO MET stored at 45°C started 
to decrease and became close to or even below the storage temperature (45°C), ISO MET 
might go thru glass transition. Therefore, both glassy state and rubbery state might co-exist 
in the ISO MET. Because physical aging as in enthalpy relaxation should occur only when 
the storage temperature is below Tg, meaning that the amorphous glass maintains its 
glassy structure. However, physical aging seemed to become more severe for a mixed 
glassy and rubbery state (Figure 3.43), which might be caused by local interruption of 
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glassy structure. Physical aging should only show within glass transition step during DSC 
heating scan. Therefore, when Tg of ISO MET at 45°C decreased overtime, aging peaks 
associated within glass transition (during DSC heating scan) started to shift towards lower 
temperatures.  
 
Another interesting phenomena of ISO MET at 45°C showed up after 5 month. Based on the 
DSC graphs of ISO MET from 5 month to 6 month at 45°C (Figure 3.44), there was an 
endothermic peak probably from heating some unknown imperfect crystalline form. The 
hypothesis that the endothermic peak reflected the formation of certain imperfect crystals 
during storage was drawn from: 1) the fact that the peak temperature (76.45°C after 5 
month and 77.39°C after 6 month) was much higher than the physical aging temperature 
(~48°C) but much lower than the Tm of ISO MET (142.29°C ±0.133) or crystalline ISO 
(145.20°C ±0.242), and 2) the result from a tentative mathematical approach to identify the 
unknown structure (Table 3.45) that the unexplained loss amount of amorphous content in 
ISO MET (excluding re-crystallization into the typical crystalline ISO form) was close to or 
higher than the amount of the unknown form (8.02% vs. 8.11% at 5 month, 21.86% vs. 
10.67% at 6 month). Because the possible phases MET glass could have are either 
amorphous or crystalline, the uncounted amorphous loss should result from formation of 
certain crystalline material. Therefore, the unknown form contributing to the unknown 
endothermic peak was very likely to be a certain ISO crystalline form. Since ISO is an 
approximately equimolar mixture of a-D-glucopyranosyl- 1-6-sorbitol (GPS) and a-D-
glucopyranosyl-I-6-mannitol (GPM) and both components have Tm higher ISO Tm (166°C 
for GPS, 168°C for GPM, H.K. Cammenga), the unknown endothermic peak could reflect an 
imperfect crystalline form of GPS or GPM, which has never been reported in the literature. 
To identify where the actual structure of the unknown form is some kind of imperfect 
crystals, future X-ray assay may be needed. In order to find whether higher storage 
temperature can accelerate the formation process of the unknown imperfect crystals in ISO 
MET flavor, samples previously stored at 25°C were restored at 55°C up to 6 weeks. From 
Figure 3.45, no endothermic peak with similar peak temperatures representing the 
possible unknown crystalline form showed up during the entire 6 weeks. However, there 
was an endothermic shoulder peak right next to regular melting peak of ISO, starting from 
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week 1, and this might suggest that the high storage temperature could promote structural 
transformation from the unknown imperfect crystalline form (with a low endothermic 
peak temperature) to the typical crystalline form (with a high endothermic peak 
temperature as Tm).  
 
To future investigate the peculiar structural transformation in the ISO MET at 45°C, the 
pure ISO MET without any SD or maltodextrin added was stored at 45°C for 6 months and 
the DSC results were summarized in Figure 3.46 and 3.47. Figure 3.46 showed that the 
pure ISO MET at 45°C had much less perceptible physical aging than the ISO MET, probably 
because 45°C was above the initial Tg of pure ISO MET and formation of imperfect crystals 
dominated the structural transformation instead of physical aging. Figure 3.47 showed that 
the pure ISO MET at 45°C had both substantial formation of possible imperfect crystals 
based on the large unknown endothermic peaks at the high temperature region. The peaks 
later shifted towards regular crystalline melting region, indicating possible structural 
transformation from imperfect crystalline form into regular crystalline form over storage 
time. This transformation was highly accelerated in the pure ISO MET when compared to 
the ISO MET. 
 
Figure 3.43 DSC combined graph of ISO MET from 0 month to 4
 
month at 45°C to compare physical aging  
Direction of change in 
physical aging peak 
location 
Direction of change in 
physical aging peak 
signal 
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Figure 3.44 DSC combined graph of ISO MET from 5 month & 6 month at 45°C to show the unknown endothermic peak of 
possible imperfect crystalline form with a peak temperature much lower than the regular Tm of ISO  
 
 
Figure 3.45 DSC combined graph of ISO MET stored at 55°C after 1wk, 4wk, 6wk to show whether higher storage temperature 
accelerates the formation of possible unknown imperfect crystalline form 
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Table 3.45 Comparing loss in amorphous content and unknown structure form% in ISO MET from 5 month to 6 month at 45°C 
to tentatively identify the unknown structure probably as imperfect crystalline form 
Storage 
Time/m
onth 
ΔCp  
J/(g·°C) 
Regular form 
crystalline 
content% 
Re-crystallization of 
regular crystalline 
form%  
Total loss in 
amorphous 
content% a 
Unexplained loss in 
amorphous 
content% b 
Unknown structure 
form from unknown 
endothermic peak% c 
5 0.75 10.60 5.45 13.47 8.02 
8.11 
6 0.66 6.91 1.75 23.61 21.86 10.67 
0 0.86 5.15 
a: Total loss in amorphous content =(1-ΔCpmonth i/ΔCpmonth0)*100% 
b: Unexplained loss in amorphous content%= Re-crystallization of regular crystalline form %- Total loss in 
amorphous content% 
c: Unknown structure form from unknown endothermic peak% =100%*its Enthalpy /Enthalpy of pure crystalline 
ISO enthalpy 
 
 
Figure 3.46 DSC combined graph of pure ISO MET (no SD added) stored at 45°C to show physical aging became much less 
perceptible when stored above initial Tg as formation of imperfect crystals dominated the structure transformation  
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Figure 3.47 DSC combined graph of pure ISO MET (no SD added) stored at 45°C to show both substantial formation of 
imperfect crystals (shifted towards regular crystalline melting region) and re-crystallization of regular crystalline form over 
time, which was accelerated when compared to ISO MET flavor 
 
Based on the DSC findings of ISO MET stored at 45°C, including decrease in Tg, occurring of 
glass transition and re-crystallization, possible formation of unknown imperfect crystalline 
form, all indicated that the ISO MET structure exhibited very poor physical stability at 45°C 
and suggested that the storage temperature for MET flavors should be set well below the 
Tg (25°C was sufficient in this study) in order to maintain physical stability of MET  flavors 
thus functioning properly to protect encapsulated flavors.  
 
3.4.3 Surface morphology 
 
Based on Figure 3.48, 3.49, 3.50 and 3.51, 3.52 showing the surface morphology of all three 
flavor samples, the SD was captured and protected under the glassy structure in both MET 
flavors, while the surface of the ECJ MET seemed to be very rough but did show less porous 
structure (fewer visible holes) than the ISO MET. Therefore, the less porous structure of the 
ECJ MET might explain that the ECJ MET showed higher flavor stability (lower flavor loss) 
than the ISO MET. The roughness and debris appearing on the surface of both MET flavors 
might result from incompletely melted crystalline content, as discussed previously in the 
3.4.2.1 section of Tg in both MET flavors. According to Figure 3.53, 3.54 and 3.55, certain 
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structural change of the ISO MET at 45°C started to appear during the 1st month, as in 
much smoother structure than month 0, indicating possible glass transition occurred 
during the storage (discussed previously in section 3.4.2.1.). Later, formation of bridge 
connections was found among the flavor particles as a sign of visually perceptible caking 
phenomenon (Figure 3.28) (discussed previously in section 3.4.2.1). Previous literatures 
found that caking and crystallization could be promoted if the storage temperature was 
hold above Tg onset (Aguilera 1995, Lloyd 1996). Therefore, the caking should generate 
from the decreased Tg (below 45°C in the study herein) and could result in increased flavor 
loss (Figure 3.3).  
 
 
Figure 3.48 Surface morphology of SD at 0 month by SEM(X500) 
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Figure 3.49 Surface morphology of ECJ MET at 0 month by SEM (X37) 
 
 
Figure 3.50 Surface morphology of ECJ MET at 0 month by SEM (X370) 
 
 
104 
 
 
Figure 3.51 Surface morphology of ISO MET at 0 month by SEM (x50) 
 
 
Figure 3.52 Surface morphology of ISO MET at 0 month by SEM (x650) 
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Figure 3.53 Surface morphology of ISO MET at 45°C at the end of the 1nd month by SEM (X500)- 
Certain round/smooth shapes formed (indicated in dashed circle) after glass transition 
 
 
 
Figure 3.54 Surface morphology of ISO MET at 45°C at the end of the 2nd month by SEM (X45)- 
Showing chunks of particles formed after the glass transition and caking 
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Figure 3.55 Surface morphology of ISO MET at 45°C at the end of the 2nd month by SEM (X150)- 
Bridge connection formed (indicated in dashed circle) after the glass transition and caking  
 
3.5 Conclusions and recommendations 
From overall flavor stability perspective, both types of MET flavors had significantly lower 
flavor loss (p<0.0001) than the SD at all storage temperatures. The ECJ MET exhibited 
better overall flavor stability at all storage temperatures than the ISO MET (p<0.0001). 
From chemical stability perspective, oxidation to be exact, the chemical degradation was 
not the main cause towards flavor loss under the storage condition used in this study. This 
was because benzoic acid formation over storage time was minimal for the SD and did not 
change much for both MET flavors, especially compared to the loss amount loss in 
benzaldehyde. When oxidation results were compared among three flavors, both MET 
flavors did seem to have lower amount of benzoic acid formed than the SD, and this might 
come from the protection of MET glassy structures thru control of oxygen permeability. 
Other volatile degradation compounds were not found thru the extraction and GC-MS 
procedures. Therefore, it is very likely that the main cause towards flavor loss should be 
the volatilization of benzaldehyde, which suggested that probably there would be no need 
for applying Modified Air Packaging (MAP) to the finished benzaldehyde flavors, SD and 
two MET flavors, in order to extend shelf-life by oxygen reduction.  
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The volatilization of benzaldehyde could be closely tied to the physical stability of flavor 
structures. MET flavors might protect flavor loss thru control of flavor volatility with the 
very dense glassy barrier structure outside of the SD. Between the two MET flavors, the ECJ 
MET showed higher physical stability of its glassy matrix, providing an average Tg ~8-20°C 
(depending on the storage temperature) greater than the ISO MET Tg and exhibiting much 
less physical aging and re-crystallization than ISO MET over storage time, along with no 
perceptible caking phenomenon.  
 
Among the three storage temperatures, the lower the storage temperature was below the 
Tg of MET glasses, the better the flavor retention (the less the flavor loss). The protection 
from lower storage temperatures on flavor stability could probably generated through 
decreasing the rate of diffusion and volatilization of benzaldehyde, through maintaining 
physical stability of MET glassy structures, and/or through reducing reaction rate of 
chemical degradations if there were any. Based on the effect of temperatures on 
maintaining physical stability of MET glassy structures, even though the storage 
temperature at 45°C used in this study was below the initial Tg of the ISO MET but glass 
transition still probably occurred due to 45°C very close to Tg onset of the ISO MET. The 
constant glass transition interrupted the physical integrity of the ISO MET, reducing the Tg 
over storage time and inducing a high level of physical aging. The consequences highly 
affected the protection efficacy of ISO MET on flavors. Therefore, in order to obtain useful 
protections from MET matrices, the selected storage temperature should be hold well 
below the Tg onset of MET glass, and 25°C as the storage temperature was sufficient to 
maintain physical integrity for both MET flavors. This research suggested that the ECJ MET, 
stored at a temperature well below its Tg, provided the highest flavor stability. 
 
For flavor application purposes, the overall flavor stability instead of the initial flavor load 
should dominate the decision choice for selecting MET materials, if the main purpose of 
encapsulation is to minimize undesirable chemical reactions between flavor components 
and other food ingredients. Tg of finished MET flavors should be tested and compared with 
expected standards for quality control purpose of MET flavor products. For exploring other 
possible candidates as desirable MET materials in the future, physical properties of the 
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MET glass, including Tm, Tg, and tendency towards re-crystallization, caking and physical 
aging, could be set as standards used for the selection. 
 
Possible future works could be: 1) investigate the peculiar structure transformation related 
to unknown endothermic peak in the ISO MET at 45°C after 5 month by identifying the 
unknown structure through X-ray assay; 2) investigate sensory differences in aroma 
and/or taste intensity among SD and two MET flavors; 3) establish flavor stability 
predication models for MET flavors, maybe using other physical property parameters such 
as the overall volume of pores on MET flavors; 4) optimize MET flavor quality for a higher 
initial flavor load and a longer shelf-life.  
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APPENDIX A. SYNTHESIS OF DEUTERIUM LABELED BENZALDEHYDE-2, 
3, 4, 5, 6-d5, CONFIRMATION OF YIELD AND RELEVANT SPECTRA  
 
Reagents: 
 PCC-Pyridinium chlorochromate, 98% (Aldrich 19, 014-4; F.W. 215) 
 Diethyl ether 
 CH2Cl2 
 Benzyl alcohol-2,3,4,5,6-d5 
 
 Synthesis of d5-benzaldehyde 
 Make a suspension of PCC (1.0-1.1 equiv) in a 250-ml Erlenmeyer flask, containing 
0.005 mol PCC in 10 ml CH2Cl2, and add 0.50g [2, 3, 4, 5, 6-2H2] benzyl alcohol (1.0 
equiv in CH2Cl2) to the mixture and stir for 1.5 hr.  
 Add 15 ml of ether and decant the supernatant. 
 Extract the residue 4 x 10 ml with ether until the black gum becomes a granular 
solid. 
 Filter the ether extract through a bed of Florisil ® (2.5-3 cm high) and remove most 
of the solvent by Vigreux distillation down to 10 ml. 
 Distill the product by high vacuum distillation. 
 Remove the solvent and add BHT as preservative. 
 Determine the yield of the product. 
 
Compound confirmation and purity check of the yield 
Compound confirmation of the yield was done by comparing retention times and mass 
spectra of the yield and unlabeled benzaldehyde with GC-MS on a RTX-Wax column using 
the same procedures in section 3.3.2.3.3. The extracted ion chromatograph (EIC) peak 
retention times of benzaldehyde (Ion 106) and d5-benzaldehyde (Ion 111) were both 10.62 
min. Purity check of yield was done with GC-FID, giving 99.517% as the initial content of 
d5-benzaldehyde.  Figure A.1 and A.2 show the mass spectra for the unlabeled and 
deuterium labeled benzaldehyde.  
 
References:  
PCC method: Vogel’s Textbook of Practical Organic Chemistry, 5th edition. 1989. Furniss et 
al. (Eds). Longman Group UK Ltd., p. 590. 
 
Corey, E.J.; Suggs. J.W. Pridinium chlorochromate. An efficient reagent for oxidation of 
primary and secondary alcohols to carbonyl compounds. Tetrahedron Lett. 1975, 31, 2647-
2650. 
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Figure A.1 Mass spectrum of unlabeled benzaldehyde 
 
Figure A.2 Mass spectrum of deuterium labeled d5-benzaldehyde 
 
106 Molecular ions:  
Benzaldehyde 
111 Molecular ions:  
D5-benzaldehyde 
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APPENDIX B. DETERMINING RESPONSE FACTORS OF UNLABELED AND 
ISOTOPE STANDARDS; ISOTOPE CALIBRATION CURVES  
 
Table B.1 Response Factor of d5-2,3,4,5,6-Benzaldehyde (May 2010) 
Standards: Unlabeled Isotope  
Benzaldehyde d5 - 2, 3, 4, 5, 6-Benzaldehyde 
Catalog #; Batch#/Lot#: Purchased Synthesized 
Purity (by GC-FID):  99.32178% 97.1467% 
Select ion: 106 (unlabeled) 111 (isotope) 
Stock solution in CH2Cl2 0.01007 mg/µl 0.01008 mg/µl 
   
GC-MS 
Methods: 
Matrix Extraction Injection Split ratio 
diethyl ether None Hot split 1:10 
     
Theoretical Mass Ratio:  
unlabeled to isotope 1.0:5.0 1.0:1.0 10.0:1.0 20.0:1.0 40.0:1.0 
Unlabeled stock solution/ ul  1 µl 5 µl 10 µl 20 µl 40 µl 
Isotope stock solution/ ul  5 µl 5 µl 1 µl 1 µl  1 µl 
Ether 10ml 10ml 10ml 10ml 10ml 
Real mass ratio 0.201530 1.007648 10.076483 20.152967 40.305933 
Area unlabeled 1541178 6741998 1260813 13692692 8022414 
Area isotope 7321501 6181254 122460 566727 200076 
Actual Area Ratio 0.210500 1.090717 10.295713 20.904500 40.096833 
 
  
Slope  0.9971  
Response factor  1.002908 
 
Figure B.1 Benzaldehyde/d5-isotope calibration curve 
y = 0.9971x + 0.2128
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Table B.2 Response Factor of d5-2,3,4,5,6-Benzoic acid (May 2010) 
Standards: Unlabeled Isotope  
Benzoic acid d5 - 2, 3, 4, 5, 6-Benzoic acid 
Catalog #; Batch#/Lot#: Purchased Purchased 
Purity (by GC-FID):  >99.99% >99.99% 
Select ion: 122 (unlabeled) 127 (isotope) 
Stock solution in CH2Cl2 0.001 mg/µl 0.00104 mg/µl 
   
GC-MS 
Methods: 
Matrix Extraction Injection Split ratio 
diethyl ether None Hot splitless 1:1 
     
Theoretical Mass Ratio:  
unlabeled to isotope 1.0:10.0 1.0:5.0 1.0:1.0 5.0:1.0 10.0:1.0 
Unlabeled stock solution/ul  5 µl 5 µl 10 µl 25 µl 50 µl 
Isotope stock solution/ul  50 µl 25 µl 10 µl 5 µl 5 µl 
Ether 1ml 1ml 1ml 1ml 1ml 
Real mass ratio 0.096154 0.192308 0.961538 4.807692 9.615385 
Area unlabeled 7708972 11513504 21043927 34730880 66993538 
Area isotope 79540261 60496517 24492681 8043892 7497166 
Actual Area Ratio 0.096919 0.190317 0.859192 4.317671 8.935848 
 
Slope  0.9259 
Response factor  1.0797 
Figure B.2 Benzoic acid/d5-isotope calibration curve 
y = 0.9259x - 0.0222
R² = 0.9997
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Figure B.3 (Top) Extracted Ion Chromatograph (EIC) of benzaldehyde (106) and d5-benzaldehyde (111) from a flavor sample 
EIC Peak-111:  
D5-benzaldehyde 
EIC Peak-106:  
Benzaldehyde 
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Figure B.4 (Top) Extracted Ion Chromatograph (EIC) of benzoic acid (122) and d5-benzoic acid (127) from a flavor sample 
 
 
 
 
 
 
 
 
 
 
 
EIC Peak-122:  
Benzoic acid 
EIC Peak-127:  
D5-benzoic acid 
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APPENDIX C. FORMULA INFO, PROCESSING PARAMETERS AND 
PHYSICAL CHARACTERISTICS OF FLAVOR SAMPLES 
1) Formula info of spray-dried and both MET flavors  
Overall MET Component 
Theoretical load% for 
benzaldehyde 
   Pure spray dry 26 
   
Maltodextrin * 14 
   MET carbohydrate ** 60 
   * Maltodextrin mixed with pre-made SD in a 3.5:6.5 ratio prior to MET flavor making process. 
** For ECJ MET, 12% brown rice syrup was added to the MET blend to lower the melting temperature of ECJ. 
 
Theoretical Weight Ratio: 
 ECJ MET 
 ECJ% =0.60*0.88*100%=52.8% 
Pure Spray-dry  =0.40*0.65*100%=26% 
brown rice syrup% =0.60*0.12*100%=7.2% 
Maltodextrin =0.40*0.35*100%=14% 
   ISO MET 
  Isomalt =0.60*100%=60% 
Pure Spray-dry  =0.40*0.65*100%=26% 
Maltodextrin =0.40*0.35*100%=14% 
   SD                                                    Before drying After drying 
Emcap  40% 80% 
Benzaldehyde 10% 20% 
Water 50% 0% 
 
Material Sheet of Brown rice syrup in ECJ MET matrix 
DE = 42 dextrose (DP1) 6% 
Maltose (DP2) 27% 
Higher saccharides 43% 
Other  2% 
True solids 78% 
Brix 81.0 
PH 5.5 
 
 
 
 
 
 
 
 
116 
 
2) Processing parameters for both MET flavors and pure MET glasses 
Sample Matrix Name  
 Processing  
Temperature/F 
Flavor 
feeder T 
MET 
Feeder 
rate 
 Resonance 
rate 
ECJ MET 330F  0.2b/min  0.3b/min  112rpm 
ISO MET 330F  0.2b/min  0.3b/min  112rpm 
Pure ECJ MET 330F    0.5b/min  112rpm 
Pure ISO MET 330F    0.5b/min  112rpm 
 
3) Physical characteristics 
Physical 
characteristic 
Measurements M.C.% 
Water 
Activity (aw) 
Particle 
size/US 
mesh 
Avg Particle 
size/um 
Spray dry 0.747 0.233 84.947 189.785 
ISO MET 0.213 0.232 44.867 403.441 
ECJ MET 0.300 0.239 47.215 389.586 
Pure ISO MET  0.263 
   
Pure ECJ MET 0.297 
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APPENDIX D. TRIAL-RUN RESULTS OF ORANGE ISO MET 
Tg (˚C) SD % Bottle number SD mix composition 
Melting enthalpy 
for isomalt J/g 
No amorphous 
content 25% 1 pure 90.85 
48.01 25% 
2 (made from 
5” extruder) pure  69.95 
34.37 27% 5 7.4% SiO2 37.81 
37.93 30% 3 16.6% maltodextrin 29.57 
39.82 40% 6 5% SiO2, 32.5% maltodextrin 3.637 
41.24 40% 4 37.5% maltodextrin 6.053 
42.78 50% 7 4% SiO2, 46% maltodextrin 22.68 
43.61 50% 9 50% maltodextrin 0 
50.41 60% 10 58.33%maltodextrin 0 
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APPENDIX E. GC-MS DATA FILES (SEE SUPPLEMENTAL DOCUMENTS)  
The GC-MS monthly data from 0month to 6month can be found in the supplemental 
documents with the following file names: 
 
0 month GC analysis datasheet along with calibration curve.xlsx 
1 Month GC analysis datasheet along with calibration curve.xlsx 
2 Month GC analysis datasheet along with calibration curve.xlsx 
3 Month GC analysis datasheet along with calibration curve.xlsx 
4 Month GC analysis datasheet along with calibration curve.xlsx 
5 Month GC analysis datasheet along with calibration curve.xlsx 
6 Month GC analysis datasheet along with calibration curve.xlsx 
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APPENDIX F. DSC DATA FILES (SEE SUPPLEMENTAL DOCUMENTS) 
The GC-MS monthly data from 0month to 6month can be found in the supplemental 
documents with the following file names: 
 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month0 4_6_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month1 5_5_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month2 6_5_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month3 7_5_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month4 8_5_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month5 9_5_2010.xlsx 
DSC Tg Enthalpy Tm for benzaldehyde 3_30_2010 batch Month6 10_5_2010.xlsx 
 
